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RESUMO
Espécies de Fusarium estão associadas com podridão de espigas e colmos de milho, causando 
perdas em qualidade e produtividade, além de contaminação com micotoxinas. Para melhorar 
o manejo de fusarioses e evitar contaminação por micotoxinas, o conhecimento acerca da
distribuição de espécies de Fusarium é necessário. Sendo assim, este trabalho identificou 
espécies de Fusarium presentes em espigas e colmos de milho sintomáticos no estado do 
Paraná, Brasil, e avaliou o potencial toxigênico e patogênico destes isolados. Os isolados foram 
identificados por análises filogenéticas e PCR espécie-específica, testados quanto à presença de 
genes envolvidos na produção de toxinas por PCR, produção de fumonisinas por ELISA, e 
patogenicidade em colmos de milho. Os isolados obtidos pertenciam a três complexos de 
espécies: F. fujikuroi (FFSC 79,4%), F. graminearum (FGSC 18,1%) e F. incarnatum-equiseti 
(FIESC 2,5%). Além das espécies identificadas F. verticillioides (espécie dominante em grãos 
de milho), F. fujikuroi, F. tjaetaba, F. napiforme (FFSC), F. graminearum, F. meridionale, as 
linhagens FIESC 12, 20 e 33, descreve-se neste trabalho a nova espécie F. awaxy (dominante 
em colmos), no complexo FFSC. F. graminearum e F. meridionale apresentaram os genótipos 
15-ADON e NIV, respectivamente, e todos as espécies identificadas no complexo FFSC 
apresentaram isolados positivos para a presença do gene FUM1, porém a produção de 
fumonisina foi variável. Quanto à patogenicidade, F. fujikuroi, F. graminearum, F. meridionale
e F. verticillioides causaram podridão de colmo, F. awaxy e F. tjaetaba demonstraram menor 
agressividade e F. napiforme não causou sintomas. Tais resultados sugerem que a diversidade 
de Fusarium em milho ainda não é suficientemente explorada e estudos mais aprofundados são 
necessários para caracterizar a relevância das espécies aqui identificadas dentro do contexto 
deste cultivo economicamente importante.
Palavras-chave: Complexo Fusarium fujikuroi. Complexo Fusarium graminearum.
Fusarium awaxy. Patogenicidade. Tricotecenos. Fumonisinas. Filogenia.
ABSTRACT
Fusarium species are associated with maize ears and stalk rot, causing losses to maize crop 
quality and yield and leading to mycotoxin contamination. In order to improve disease 
management and reduce contamination, knowledge about Fusarium species distribution is 
required. Therefore, this study identified the Fusarium species in symptomatic maize ears and 
stalks in Paraná state, Brazil and evaluated their toxigenic and pathogenic potential. Fusarium
isolates were identified through phylogenetic analyses and species-specific PCR, tested for the 
presence of toxin production genes through PCR, fumonisin production with ELISA, and for 
pathogenicity in maize stalks. Isolates belonged to three species complexes: F. fujikuroi (FFSC 
79.4%), F. graminearum (FGSC 18.1%) and F. incarnatum-equiseti (FIESC 2.5%). Besides 
the identified species F. verticillioides (dominant species in maize kernels), F. fujikuroi, F. 
tjaetaba, F. napiforme (FFSC), F. graminearum, F. meridionale (FGSC), FIESC lineages 12, 
20 and 33, we described the new species F. awaxy (dominant species in maize stalks) in FFSC. 
F. graminearum and F. meridionale were of 15—ADON and NIV genotypes, respectively, and 
all FFSC species identified had positive isolates for FUM1 gene, but fumonisin production was 
variable. Regarding pathogenicity, F. fujikuroi, F. graminearum, F. meridionale and F.
verticillioides caused stalk rot, F. awaxy and F. tjaetaba exhibited lower aggressiveness, and 
F. napiforme did not cause symptoms. These findings suggest that Fusarium diversity in maize 
is still underexplored, and further studies are required to characterize the relevance of identified 
species for this economically important crop.
Keywords: Fusarium fujikuroi species complex. Fusarium graminearum species complex.
Fusarium awaxy. Pathogenicity. Trichothecenes. Fumonisins. Phylogeny.
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 O milho (Zea mays L.) é produzido em quantidade muito superior do que qualquer outro 
grão (FAOSTAT, 2018), sendo amplamente cultivado ao redor do mundo (CLAYTON et al., 
2018). É utilizado como alimento na forma original ou como óleo, amido, cereais matinais e 
bebidas, na produção de ração animal (DERAL, 2018b) e etanol biocombustível (ECKERT et 
al., 2018). 
 O Brasil é terceiro maior produtor de milho do mundo, tendo produzido quase 65 
milhões de toneladas em 2016, sendo superado apenas pelos Estados Unidos (que produziu 384 
milhões de toneladas em 2016) e a China (que produziu 232 milhões de toneladas) (FAOSTAT, 
2018). O milho é o cereal e a terceira commodity mais produzida no país, após a cana-de-açúcar 
(768 milhões de toneladas produzidas em 2016) e a soja (96 milhões de toneladas produzidas 
em 2016) (FAOSTAT, 2018). 
 A produção deste grão tem aumentado significativamente no país por meio de mudanças 
no sistema de cultivo, utilizando genótipos mais produtivos e adaptados à diferentes regiões 
(incluindo transgênicos e linhagens convencionais), aumento da área de plantio e uso de duas 
épocas de plantio (COSTA et al., 2010). No entanto, o manejo cultural no milho ainda deve ser 
bastante aprimorado para obter o aumento de produtividade e rentabilidade que essa cultura, 
por suas características fisiológicas, é capaz de proporcionar (EMBRAPA, 2010b). 
 Nos últimos anos, doenças causadas por diferentes patógenos são problemas sérios no 
cultivo de milho, causando perdas de produtividade e prejuízos aos produtores. A evolução de 
doenças de milho está relacionada à evolução do sistema de produção desta cultura no país, 
uma vez que mudanças que ocasionaram o aumento de produtividade também foram 
responsáveis por aumentar a incidência e severidade das doenças existentes. A expansão das 
fronteiras agrícolas, ampliação de épocas de plantio, o sistema de plantio direto e ausência de 
rotação de culturas promovem modificações na dinâmica populacional dos patógenos, de modo 
que a cada safra surgem novos problemas para a cultura devido à ocorrência de doenças 
(EMBRAPA, 2010a). 
As doenças em milho podem atacar diferentes partes da planta, como folhas, colmos, 
raízes, espigas, grãos ou até mesmo se propagarem como doenças sistêmicas. Diferentes grupos 
de patógenos, como vírus, bactérias, fungos e nematoides afligem essa cultura. A importância 
das doenças pode variar ao longo dos anos e de acordo com a região, devido à influência de 
condições climáticas, sistema de plantio e cultivares utilizados (EMBRAPA, 2010a).  
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 Como patógenos fúngicos no milho, destacam-se os gêneros Colletotrichum, Fusarium 
e Stenocarpella, causando principalmente podridões de colmo, que levam a perdas de 
produtividade e qualidade dos grãos. Tais perdas ocorrem em função ou de morte prematura 
das plantas jovens antes da fase de enchimento dos grãos, ou pelo tombamento de plantas mais 
velhas, quando o colmo está apodrecido e não sustenta adequadamente o peso das espigas. 
Patógenos dos gêneros Fusarium e Stenocarpella também podem causar podridões de espigas, 
em que há crescimento fúngico e formação de grãos ardidos (os quais apresentam pelo menos 
um quarto de sua superfície com descolorações que variam em tonalidades de marrom, roxo e 
vermelho) (EMBRAPA, 2010a). 
 Espécies do gênero Fusarium são especialmente problemáticas porque, além de 
causarem podridões de colmo e espigas e gerarem grãos ardidos, são capazes de produzir 
micotoxinas. Além dos danos físicos nos grãos (como a descoloração e redução no conteúdo de 
açúcares, proteínas e carboidratos totais), o material torna-se impróprio para consumo animal 
ou humano, pelo risco de ocorrência de micotoxicoses. Tais doenças podem causar problemas 
no funcionamento de órgãos vitais e também são relacionadas ao surgimento de tumores 
malignos (EMBRAPA, 2010a).  
 As principais micotoxinas encontradas nos grãos de milho produzidas por Fusarium são 
fumonisinas (Fusarium verticillioides), zearalenona e tricotecenos (complexo de espécies 
Fusarium graminearum). As toxinas produzidas por espécies do complexo Fusarium 
graminearum estão associadas com hiperestrogenismo, recusa alimentar (LESLIE e 
SUMMERELL, 2006), síndromes eméticas em animais e humanos (IARC, 1993; LESLIE e 
SUMMERELL, 2006). Fumonisinas estão associadas com leucoencefalomalácia em equinos, 
edema pulmonar em suínos, são hepato e nefrotóxicas e possuem potencial carcinogênico 
(LESLIE e SUMMERELL, 2006). Em humanos, já se sugeriu a associação de fumonisinas com 
problemas de formação do tubo neural e câncer de esôfago (IARC, 2002). 
 O manejo da ocorrência de podridões de colmo, espiga e contaminação com micotoxinas 
é feito através da adoção de várias medidas de maneira integrada, como utilização de cultivares 
com maior nível de resistência aos patógenos, rotação de culturas, evitar atrasos na colheita e 
realizar o plantio em condições adequadas, evitando épocas de condições ambientais favoráveis 
ao desenvolvimento dos patógenos, utilizando sementes sadias e tratadas com fungicidas 
(EMBRAPA, 2010). Para o controle das podridões em colmo, a utilização de fungicidas não 
constitui uma alternativa viável, necessitando ainda mais de uma boa estratégia de manejo 
integrado (COSTA et al., 2017).  
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 Dessa forma, a estratégia de controle baseada no uso de cultivares geneticamente 
resistentes, é bastante atrativa aos produtores uma vez que seu uso não exige gastos adicionais 
e não causa impactos negativos ao meio ambiente. Também é compatível com outras medidas 
de controle, e muitas vezes é o suficiente para controlar a doença sem a utilização de outras 
estratégias (EMBRAPA, 2010a).  
 Para a adoção desta estratégia de forma efetiva, e desenvolver cultivares geneticamente 
resistentes, é necessário conhecer a dinâmica de patógenos de uma região e identificar as 
espécies presentes. Esta informação é essencial em função da existência de diferenças 
fisiológicas e de estilo de vida entre as espécies, que devem ser levadas em consideração ao 
definir a melhor forma de realizar o controle do patógeno. Conhecer as espécies causadoras de 
doenças em uma região é importante para a busca de possíveis alvos fisiológicos para o controle 
dos patógenos. Genótipos resistentes podem ser desenvolvidos com múltiplos genes de 
resistência, dispensando o uso de químicos para protegê-los contra patógenos (DE WIT, 2016).  
 Nos últimos anos, diversos trabalhos buscam determinar a distribuição de espécies de 
Fusarium associadas a diferentes cereais economicamente importantes, como trigo (ASTOLFI 
et al., 2012), arroz (GOMES et al., 2015), cevada (CASTAÑARES et al., 2016) e milho 
(KUHNEM et al,, 2016) no Sul do Brasil, com o intuito de melhorar o manejo de diversas 
fusarioses. Especificamente para milho, Kuhnem e colaboradores (2016) descrevem a presença 
de três espécies do complexo Fusarium graminearum (F. graminearum, F. meridionale e F. 
cortaderiae), sendo F. meridionale descrita com a mais encontrada no Paraná, Santa Catarina 
e Rio Grande do Sul. Entretanto, a distribuição de espécies de Fusarium pertencentes a outros 
complexos (como o complexo Fusarium fujikuroi) ainda não está estabelecida para o estado do 
Paraná.  
 Sendo assim, este trabalho visa identificar as espécies de Fusarium presentes no estado, 
bem como avaliar a presença de genes envolvidos na produção de toxinas e patogenicidade em 
híbrido comercial de milho, fornecendo informações epidemiológicas importantes para o 
manejo de fusarioses.   
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2 REVISÃO BIBLIOGRÁFICA 
 
2.1 PRODUÇÃO DE MILHO  
 
 No Brasil, o uso de duas épocas de plantio é uma característica da produção de milho. 
A primeira safra compreende os plantios realizados na época tradicional, durante o período 
chuvoso, que pode variar entre o fim de agosto, na região Sul, até os meses de outubro e 
novembro da região Centro-Oeste e no Sudeste. Já a segunda safra (safrinha) refere-se ao milho 
plantado extemporaneamente, em fevereiro ou março, geralmente após o plantio de soja 
precoce, e é predominante na região Centro-Oeste e nos estados do Paraná, São Paulo e Minas 
Gerais (EMBRAPA, 2010b).  
 Segundo a CONAB (2018), na primeira Safra de 2016-2017 o Paraná foi o terceiro 
maior produtor de milho (~4,7 milhões de toneladas), superado apenas pelo Rio Grande do Sul 
(~6 milhões de toneladas) e Minas Gerais (~5,8 milhões toneladas). Já para a segunda safra do 
mesmo período, foi o segundo maior produtor (~13,1 milhões de toneladas), superado pelo 
Mato Grosso (~28,6 milhões de toneladas). Com relação à produção total de 2016-2017, 
observa-se que o Paraná foi responsável por quase 19% da produção total do país.  
 De acordo com o DERAL (2018a), no Paraná, do total de milho produzido na primeira 
safra 2016/2017, a maior parte está concentrada na região Sul/Sudoeste (responsável por cerca 
de 80% da produção do Estado) seguida pela região Norte/Noroeste e Oeste/Centro Oeste. Já 
para a segunda safra, as regiões que mais produzem são aquelas que tradicionalmente cultivam 
soja durante o verão, destacando-se as regiões Norte/Noroeste e Oeste/Centro Oeste, 
responsáveis por 95% da produção do estado nesse período.  
 Nos últimos dez anos, a área de milho plantada durante a primeira safra reduziu mais da 
metade, mas sem reduções significativas na produção. A redução da área plantada na primeira 
safra é compensada pelo aumento do rendimento e produtividade das lavouras, e também pelo 
crescimento da área de plantio da segunda safra (que cresceu mais de 1 milhão de hectares neste 
período de 10 anos) (DERAL, 2018b). Embora realizados em condições climáticas 
desfavoráveis, os plantios da segunda safra têm sido melhorados e adaptados a tais condições, 
o que explica o aumento de rendimento nessa época. (EMBRAPA, 2010b; DERAL, 2014). 
Desta forma, a importância da segunda safra tem se consolidado, e o volume produzido por ela 




2.2 O GÊNERO Fusarium 
 
2.2.1 Morfologia, filogenia e identificação 
 
 O gênero Fusarium foi descrito por Link em 1809 e inclui diversos patógenos de plantas 
economicamente importantes, patógenos animais e humanos e espécies produtoras de 
metabólitos secundários, alguns sendo de interesse para propósitos comerciais, e outros 
associados com doenças em plantas, cânceres e problemas em humanos e animais (LESLIE; 
SUMMERELL, 2006). O gênero pertence à família Nectriaceae, ordem Hypocreales, classe 
Sordariomycetes, filo Ascomycota, e compreende cerca de 300 espécies filogeneticamente 
distintas, das quais muitas ainda não foram descritas formalmente (AOKI et al., 2014). 
 A principal característica morfológica utilizada para a descrição do gênero era a 
presença dos macroconídios fusiformes típicos (também descritos como em formato de canoa 
ou banana) (LESLIE; SUMMERELL, 2006), conforme observado na FIGURA 1. Entretanto, 
estudos morfológicos e de filogenia molecular demonstraram que essa característica evoluiu de 
forma convergente em diferentes linhagens de ascomicetos (O’DONNELL et al., 2015), não 
sendo uma característica sinapomórfica para o gênero. 
 
FIGURA 1 - MACROCONÍDIOS DE Fusarium tjaetaba 
 
FONTE: Adaptada de LAURENCE et al., 2015. 
NOTA: Barra indicativa de tamanho: 50μm. 
 
 Diversos sistemas de classificação de espécies propostos para o gênero Fusarium 
baseavam-se exclusivamente em características morfológicas, como o tamanho (comprimento 
e largura), número de septos e formato dos macroconídios, formato das células basais nos 
macroconídios, presença ou ausência de microconídios e seu formato, presença ou ausência de 
clamidósporos e sua localização e presença ou ausência de escleródios (NELSON et al, 1994).  
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 A avaliação destas características era realizada através do cultivo de isolados em 
diferentes meios de cultura, geralmente com ênfase em diferenças pequenas e sutis ao invés de 
enfatizar as similaridades. Entretanto, tais características não são estáveis em diferentes 
condições de cultivo, e muitas das análises para descrição de espécies eram baseadas em apenas 
uma ou duas culturas. A avaliação de poucos isolados não revela a gama de variação entre 
indivíduos que pode ocorrer dentro de uma espécie, sendo necessário muitas vezes trabalhar 
com um grande número de culturas representativas para determinar a real extensão da variação 
que pode ocorrer (NELSON et al., 1994), caracterizando as falhas de uma identificação 
puramente morfológica para este gênero. 
 Muitas espécies de Fusarium ou populações dentro dessas espécies exibem um grande 
nível de variação de características morfológicas e fisiológicas, e tal variação poderia em parte 
explicar a habilidade das espécies deste gênero em colonizar nichos distintos nas mais diversas 
áreas do mundo. Porém, tal variação torna-se um problema no momento de estabelecer um 
sistema taxonômico confiável e estável para este grupo, que seja amplamente aceito (NELSON 
et al., 1994). O grande número de diferentes sistemas de classificação propostos, que 
apresentam diferentes premissas (e. g. separando grupos em diferentes espécies, unindo grupos 
sob um único nome de espécie) (LESLIE; SUMMERELL, 2006) demonstra a dificuldade de 
atingir um consenso entre pesquisadores. 
 Em função desta problemática, alguns trabalhos utilizando sequências de DNA e 
análises filogenéticas foram desenvolvidos buscando delimitar o gênero Fusarium de forma 
mais precisa, bem como estabelecer sua relação com os outros gêneros da família Nectriaceae 
(GRÄFENHAN et al., 2011; O’DONNELL et al., 2013; LOMBARD et al., 2015). Devido à 
baixa correspondência entre uma filogenia robusta baseada em sequências de RPB1/RPB2 
(O’DONNELL et al., 2013) e os sistemas de classificação morfológicos anteriormente 
utilizados, a recomendação atual é pela utilização de sequências de DNA para identificação e 
delimitação mais precisa de espécies de Fusarium (O’DONNELL et al., 2015). Além disso, 
com a decisão de que o artigo 59 do Código Internacional de Nomenclatura Botânica não seria 
mais aplicável, fungos pleomórficos que apresentassem diferentes nomes para suas fases 
sexuada e assexuada deveriam ser conhecidos por apenas um nome, dando prioridade ao nome 
mais antigo (HAWKSWORTH et al., 2011). Estes dois fatores levantaram diversas questões 
quanto à maneira mais adequada de delimitar o gênero, levando em consideração tanto aspectos 
filogenéticos e de nomenclatura, quanto aspectos práticos. Existem diferentes proposições na 
literatura para resolver este problema. 
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 Uma proposta é de limitar o uso do nome Fusarium apenas às linhagens pertencentes 
ao “clado terminal de Fusarium”, em que boa parte das espécies possui uma fase sexuada 
descrita anteriormente sob o nome de Gibberella, sendo também o clado em que está localizada 
a type species do gênero, Fusarium sambucinum. Sendo assim, seria necessário propor novos 
gêneros para as espécies descritas como Fusarium que não pertencessem a este grupo 
(GRÄFENHAN et al., 2011). Contrariando esta proposta, outra abordagem propõe a utilização 
do nome Fusarium para designar o grupo que inclui virtualmente todas as espécies de Fusarium 
de importância fitopatológica, micotoxicológica, médica e em pesquisa básica (GEISER et al., 
2013).  
 A segunda proposição se baseia em uma filogenia do gênero elaborada a partir de 
sequências de RPB1/RPB2 (O’DONNELL et al., 2013) e também em aspectos práticos, como 
o fato do nome Fusarium ser bastante consolidado na literatura (sendo o quarto nome fúngico 
mais presente em publicações), e a possibilidade de manter espécies que apresentavam 
diferentes fases sexuadas no sistema de dupla nomenclatura (e. g. Neocosmospora, Albonectria, 
Cyanonectria, Cosmospora) sob um mesmo nome (GEISER et al., 2013). Outro ponto que 
fundamenta esta proposta é a preocupação de que espécies de grande importância fitopatológica 
e médica, como as do complexo Fusarium solani, de fase sexuada Neocosmospora, e que não 
fazem parte do clado terminal de Fusarium, fossem agrupadas em um novo gênero e deixassem 
de ser reconhecidas por um nome há muito tempo utilizado pela comunidade médica e 
fitopatológica (GEISER et al., 2013). 
 Uma terceira proposta mais recente surgiu a partir de uma análise mais ampla que as 
duas anteriores, buscando organizar a filogenia da família Nectriaceae, e não apenas resolver 
internamente o gênero Fusarium e poucos gêneros filogeneticamente próximos. Utilizando 
sequências de outros loci e diversas linhagens, a proposta de restringir o nome Fusarium apenas 
ao clado Gibberella foi retomada e outros gêneros foram propostos para alguns complexos de 
espécies previamente descritos como Fusarium (e. g. Neocosmospora para espécies do 
complexo Fusarium solani, Bisifusarium para espécies do complexo Fusarium dimerum) 
(LOMBARD et al., 2015). Embora os aspectos práticos desta proposta sejam os mesmos da 
proposta inicial (GRÄFENHAN et al, 2011), o que provavelmente geraria forte oposição da 
comunidade fitopatológica, as análises realizadas são muito mais robustas, visto que levaram 
em conta não apenas o gênero Fusarium e gêneros próximos, mas toda a família Nectriaceae. 
Tais análises demonstram não apenas suporte filogenético para a divisão do gênero Fusarium 
em outros gêneros, como também forneceram descrições detalhadas de características 
morfológicas diferenciadas para estes grupos, caracterizando o diferencial desta proposta. 
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 Entretanto, independemente da proposta adotada, o ponto comum é que para 
efetivamente realizar a identificação de espécies de forma correta e confiável, análises 
filogenéticas ainda são necessárias, utilizando regiões de DNA adequadas para tal finalidade. 
 Embora a região do espaçador interno transcrito (internal transcribed spacer, ITS) seja 
o marcador de barcoding proposto para fungos (SCHOCH et al., 2012), em função de sua 
aplicabilidade em diversas situações (STIELOW et al., 2015), sua utilidade é limitada para 
identificar espécies de Fusarium, visto que muitas vezes não é suficiente informativo neste 
nível taxonômico (O’DONNELL et al., 2015). Outra limitação no uso de ITS para análises 
filogenéticas e identificação de espécies é a presença de fragmentos de ITS2 parálogos e 
xenólogos, e altamente divergentes, e que já foram detectados em vários complexos de espécies 
dentro do gênero (e.g. Fusarium fujikuroi species complex, Fusarium oxysporum species 
complex, Fusarium concolor species complex) (O’DONNELL et al., 2015). 
 Em função disso, a sequência mais utilizada para identificação de espécies de Fusarium 
é um fragmento do fator de alongamento da tradução 1-α (translation elongation factor, TEF1), 
indicado por atingir três critérios importantes para reconhecimento filogenético de espécies no 
gênero Fusarium: a aplicabilidade para todo o gênero, ser informativo a nível de espécie e ser 
ortólogo para todo o gênero (O’DONNELL et al., 2015). 
 Sequências de TEF1 podem ser comparadas com sequências disponíveis nos bancos de 
dados Fusarium MLST (O’DONNELL et al., 2010), Fusarium-ID (GEISER et al., 2004) e 
GenBank utilizando a ferramenta BLAST (JOHNSON et al., 2008), principalmente para 
identificar isolados no nível de complexo de espécies, como análise preliminar para orientar a 
análise filogenética a ser executada. 
 
2.2.2 Aspectos fitopatológicos 
 
 Doenças causadas por espécies de Fusarium em praticamente todas as plantas 
importantes economicamente causam prejuízos econômicos bilionários à agricultura 
anualmente (O’DONNELL et al., 2015), por meio de sintomas como murchas, crestamento, 
podridões e tombamentos (MA et al., 2013). Além disso, diversas espécies do gênero produzem 
diversos tipos de micotoxinas (e.g. tricotecenos, fumonisinas), os quais contaminam produtos 
e os tornam inadequados para consumo na alimentação humana ou animal, além de serem 
importantes fatores de virulência para o processo de infecção nas plantas (MA et al., 2013). 
 Nas podridões de espiga causadas por espécies de Fusarium em milho a infecção pode 
iniciar pelo topo ou outras partes da espiga, sempre associada a alguma injúria realizada por 
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insetos ou pássaros. Os grãos infectados apresentam alterações de cor variando de rosa à 
marrom escuro, estrias de coloração branca no pericarpo e crescimento cotonoso de coloração 
clara a avermelhada, correspondente ao micélio fúngico (EMBRAPA, 2010a), conforme 
observado na FIGURA 2.  
 
FIGURA 2 - Podridão de espiga causada por Fusarium sp. 
 
FONTE: PIONEER (2016). 
 
 Já nas podridões de colmo, o tecido de entrenós inferiores adquire coloração 
avermelhada, que progride em direção à parte superior da planta (EMBRAPA, 2010a). A casca 
pode adquirir coloração marrom clara ou escura, pode ocorrer crescimento fúngico na forma de 
micélio cotonoso branco a rosado, e a coloração da medula pode ser esbranquiçada, rosada ou 
avermelhada (SILVA et al., 2001), conforme observado na FIGURA 3. Os sintomas tendem a 
se tornar visíveis após a polinização e aumentam em severidade à medida que a planta entra em 
senescência (EMBRAPA, 2010a).  
 
FIGURA 3 - Podridão de colmo causada por Fusarium sp. 
 
FONTE: IOWA STATE UNIVERSITY (2009). 
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2.2.3 Aspectos toxigênicos 
 
 Espécies do gênero Fusarium são conhecidas como produtoras de micotoxinas 
importantes, envolvidas tanto no desenvolvimento de doenças em plantas, quanto em doenças 
em animais e humanos (LESLIE; SUMMERELL, 2006). Em grãos de milho, as principais 
toxinas produzidas por Fusarium, e para as quais também existe regulação por meio de 
legislação específica (BRASIL, 2011) são fumonisinas (complexo de espécies F. fujikuroi) e 
tricotecenos (complexo de espécies F. graminearum).  
 Diferentes tricotecenos podem ser produzidos por espécies de Fusarium, como 
nivalenol, 3-acetil-desoxinivalenol e 15-acetildesoxinivalenol. Identificar o tricoteceno 
produzido utilizando técnicas químicas pode ser um desafio em amostras grandes, então 
desenvolveram-se técnicas moleculares para identificar a presença de genes envolvidos na 
biossíntese de tricotecenos em isolados de Fusarium e determinar qual tipo de tricoteceno 
possivelmente seria produzido (KUHNEM et al., 2015; QUARTA et al., 2006).  
 Para reações com os primers descritos por Quarta e colaboradores (2006), a diferença 
no tamanho dos produtos gerados indica o genótipo de tricoteceno do isolado em questão, como 
produtor de nivalenol (NIV), 3-acetildesoxinivalenol (3-ADON) ou 15-acetildesoxinivalenol 
(15-ADON).  
  Tais técnicas moleculares também estão descritas para avaliar a presença de genes 
envolvidos na biossíntese de fumonisinas no complexo Fusarium fujikuroi (BLUHM et al., 
2004), em que a presença ou ausência de banda após a reação indica se o isolado apresenta o 
gene FUM1, envolvido na produção da toxina. 
 
2.3 DIAGNÓSTICO MOLECULAR: PCR ESPÉCIE-ESPECÍFICA 
 
 Métodos alternativos ao sequenciamento para o diagnóstico e detecção de fitopatógenos 
são desenvolvidos com o intuito de identificar espécies rapidamente, com confiabilidade e 
melhor custo-benefício (ABD-ELMAGID et al., 2013). Diferentes estratégias podem ser 
empregadas, seja utilizando métodos imunológicos, que dependem do reconhecimento de 
antígenos específicos presentes nos patógenos, ou métodos baseados em DNA, que reconhecem 
sequências específicas (MCCARTNEY et al., 2003).   
 Métodos baseados em DNA tendem a ser altamente específicos, podendo distinguir 
diferentes espécies ou até mesmo detecção variação dentro de uma mesma espécie. Para os 
métodos que usam PCR, existe a vantagem da alta sensibilidade, detectando quantias pequenas 
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de DNA do patógeno, até mesmo a partir de um único esporo (MCCARTNEY et al, 2003). Há 
primers propostos para diagnóstico de diversos patógenos fúngicos em diferentes cultivos (e. 
g. C. abscissum e C. gloesporioides em Citrus (SILVA et al., 2016), espécies de Sclerotinia em 
diversas plantas (ABD-ELMAGID et al., 2013). Em Fusarium, apesar de existirem vários 
primers propostos, muitos foram desenvolvidos antes da descrição de diversas espécies e das 
propostas de reorganização filogenética do gênero (MULÈ et al., 2004; MURILLO et al., 1998; 
PATIÑO et al., 2004). Muitos deles apresentam amplificações inespecíficas (FARIA et al., 
2012), não servindo para um diagnóstico preciso. Sendo assim, para muitas espécies do gênero 
ainda não existem primers descritos para diagnóstico.   
 Para o desenho deste tipo de primers normalmente são utilizadas regiões de 17-20 pares 
de base específicas para as espécies de interesse, e que não apresentem similaridade com 
sequências de outras espécies (SILVA et al., 2016). Os primers são escolhidos de modo a gerar 
fragmentos de tamanhos distintos como produtos de PCR, podendo ser diferenciados por 
eletroforese em gel de agarose ao serem comparados com marcador de peso molecular, 
permitindo a identificação da espécie. 
 É importante evitar repetições de um nucleotídeo ou di-nucleotídeos ao longo da 
sequência e utilizar sequências que apresentem as bases G ou C nas últimas cinco bases da 
extremidade 3’ para promover anelamento específico, além de  avaliar os primers com relação 
a outros parâmetros importantes para uma reação de PCR, como temperatura de melting e 
propensão para a formação de estruturas secundárias. Existem diversos softwares online 
disponíveis tanto para realizar tais avaliações quanto para levar esses parâmetros em 
consideração e propor primers automaticamente (PREMIER BIOSOFT, 2018). 
 Para a temperatura de melting, temperaturas na faixa de 52-58°C produzem melhores 
resultados, e temperaturas acima de 65°C tem tendência a produzir anelamento inespecífico. O 
conteúdo de bases GC de uma sequência influencia a temperatura de melting do primer, e deve 
estar em cerca de 40-60%. Além disso, é importante que os primers em um par possuam 
temperaturas de melting similares para maximizar o rendimento da reação, pois uma diferença 
maior que 5°C pode impedir a amplificação (PREMIER BIOSOFT, 2018). 
 Também é importante avaliar a presença de estruturas secundárias produzidas a partir 
de interações intra ou intermoleculares, visto que estas afetam o anelamento e 
consequentemente a amplificação. A estabilidade das estruturas secundárias é geralmente 
representada por valores de ΔG (Energia Livre de Gibbs), sendo a energia necessária para 
romper a estrutura. Quanto mais negativos os valores de ΔG, mais estáveis são as estruturas e, 
portanto, mais vão afetar a performance da reação (PREMIER BIOSOFT, 2018).  
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 O primeiro tipo de estrutura, formado por interações intramoleculares no primer, é o 
grampo (hairpin). Geralmente grampos na extremidade 3’ do primer com ΔG de até -2 kcal/mol 
e grampos no interior do primer com ΔG de até -3 kcal/mol podem ser tolerados (PREMIER 
BIOSOFT, 2018).  
 Já para interações envolvendo mais de um primer, o primeiro tipo é o homodímero, 
quando há homologia do primer com si mesmo, impedindo o anelamento ao DNA alvo e 
reduzindo o rendimento da reação. Há também a possibilidade dos primers em um par 
possuírem homologia entre si, gerando heterodímeros. Valores limite de ΔG para homodímeros 
e heterodímeros na extremidade 3’ são de -5 kcal/mol e de -6 kcal/mol para homodímeros e 
heterodímeros internos (PREMIER BIOSOFT, 2018).  
  Para primers utilizados em diagnóstico de fitopatógenos, é importante determinar a 
sensibilidade e especificidade dos primers. A primeira refere-se à quantidade de DNA 
necessária para que a amplificação ocorra, e pode ser determinada utilizando diferentes 
diluições de amostra. É influenciada pelas condições da amostra (e. g. presença de DNA de 
outras espécies ou DNA vegetal), sendo necessário determinar a sensibilidade em amostras 
puras e amostras com DNA vegetal, definindo as condições ideais para cada reação. 
 Já a especificidade refere-se à amplificação apenas na presença de DNA da espécie de 
interesse, não ocorrendo amplificações inespecíficas na presença de DNA de outras espécies. 
Se o primer não for suficientemente específico, não é possível chegar a uma identificação 
conclusiva. Testes de especificidade normalmente são realizados com outras espécies que são 







3.1 OBJETIVO GERAL 
 
 O objetivo deste trabalho é avaliar a composição de espécies do gênero Fusarium 
associadas a milho (Zea mays) no estado do Paraná – BR, bem como potencial para produção 
de toxinas, patogenicidade, e desenvolver método molecular para distinção das espécies 
presentes 
 
3.2 OBJETIVOS ESPECÍFICOS 
 
 Identificar as espécies de isolados provenientes de colmo e espiga de milho no estado 
do Paraná 
 Propor e validar primers para distinguir espécies encontradas por meio de PCR espécie-
específica  
 Avaliar a presença de genes para produção de toxinas  
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Several Fusarium species are associated with maize ears and stalk rot, causing losses to maize 
crop quality and yield and leading to mycotoxin contamination. In order to improve disease 
management and reduce contamination, knowledge about Fusarium species distribution is 
required. Therefore, this study identified the Fusarium species in symptomatic maize ears and 
stalks in Paraná state, Brazil and evaluated their toxigenic and pathogenic potential. Fusarium 
isolates were identified through phylogenetic analyses and species-specific PCR, tested for the 
presence of toxin production genes through PCR, fumonisin production with ELISA, and for 
pathogenicity in maize stalks. The isolates belonged to three species complexes: F. fujikuroi 
(FFSC, 79.4%), F. graminearum (FGSC, 18.1%) and F. incarnatum-equiseti (FIESC, 2.5%). 
Besides the identified species F. verticillioides (dominant species in maize kernels), F. 
fujikuroi, F. tjaetaba, F. napiforme (FFSC), F. graminearum, F. meridionale (FGSC), FIESC 
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lineages 12, 20 and 33, we described the new species F. awaxy (dominant species in maize 
stalks) in FFSC. F. graminearum and F. meridionale were of 15—ADON and NIV genotypes, 
respectively, and all FFSC species identified had positive isolates for FUM1 gene, but 
fumonisin production was variable. Regarding pathogenicity, F. fujikuroi, F. graminearum, F. 
meridionale and F. verticillioides caused stalk rot, F. awaxy and F. tjaetaba exhibited lower 
aggressiveness and F. napiforme did not cause symptoms. These findings suggest that 
Fusarium diversity in maize is still underexplored, and further studies are required to 




Fusarium genus was described by Link in 1809 and includes important plant, animal, 
and human pathogens as well as mycotoxin producers (Leslie & Summerell, 2006), considered 
one of the most renowned fungal genera (Sandoval-Denis et al., 2018). This genus comprises 
around 300 phylogenetically distinct species, many not yet described (Aoki et al., 2014). More 
than 1400 Fusarium names are listed in Index Fungorum and Mycobank, given the significant 
changes in generic and species concepts that this genus has experienced (Sandoval-Denis et al., 
2018), mainly due to the transition from morphological to molecular taxonomic treatments.  
 Older taxonomic treatments for Fusarium genus were based on morphology, 
pathogenicity and host ranges, such that the number of recognized species varied between 
different systems. Many Fusarium species exhibit a great level of variation in morphological 
and physiological characteristics (which could explain this genus ability to colonize distinct 
niches in different geographical areas across the world), and this variation has led to difficulties 
in the development of stable and reliable criteria for species recognition in this genus (Nelson 
et al., 1994).   
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 Recently, with the use of molecular tools, Fusarium species were redistributed within 
the genus in different species complexes (O’Donnell et al., 2000, 2004, 2013), with some 
species being divided into several others, demonstrating the differences between morphological 
and molecular taxonomic treatments. Another important change in Fusarium taxonomy came 
with phylogenetic evidence that the long-accepted morphological definition of the genus 
(including the presence of typical fusiform macroconidia) is polyphyletic (Gräfenhan et al., 
2011), suggesting the need to reevaluate this genus and split it into new genera. In a revision of 
the Nectriaceae family, Fusarium genus was confined to species with a Gibberella sexual 
morph, and new genera and combinations were proposed to accommodate species outside this 
group, such as Bisifusarium (previously F. dimerum species complex) Rectifusarium (formerly 
F. ventricosum species complex) and Neocosmospora (previously F. solani species complex) 
(Lombard et al., 2015). 
 Even with those substantial changes, species complexes retained in Fusarium genus 
(such as F. graminearum (FGSC), F. fujikuroi (FFSC), F. incarnatum-equiseti (FIESC) and F. 
oxysporum (FOSC) species complexes) give Fusarium the status of one of the top 10 globally 
most important genera of plant pathogenic fungi, in terms of scientific and economic 
importance (Dean et al., 2012). Moreover, most cultivated plants are known to host multiple 
Fusarium species (Leslie & Summerell, 2006), and Fusarium diseases cause losses in excess 
of billions of dollars to agriculture every year (O’Donnell et al., 2015) through symptoms like 
wilts, rots, dampings, and crests (Ma et al., 2013).  
 Fusarium is also known to produce mycotoxins associated with plant, animal and human 
diseases (Leslie & Summerell, 2006) such as fumonisins and trichothecenes. As mycotoxins 
pose serious risks for animal and human health, maximum tolerated limits for Fusarium 
mycotoxins concentration in feed products have been imposed worldwide (Cheli et al., 2014; 
Anfossi et al., 2016), including Brazil  (ANVISA, 2011). Several mycotoxin detection methods 
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have been described, either based on chromatographical or immunochemical approaches 
(Selvaraj et al., 2015; Anfossi et al., 2016). Moreover, genotyping methods targeting genes 
involved in mycotoxin production have been proposed, so that it is possible to predict the 
potential for toxin production (Bluhm et al., 2004; Quarta et al., 2006; Ward et al., 2008).
 F. fujikuroi, F. graminearum, and F. incarnatum-equiseti species complexes members 
cause destructive diseases and mycotoxin contamination in several economically important 
cereal crops worldwide (Kvas et al., 2009; Kazan et al., 2012; Villani et al., 2016). In Brazil, 
one of the greatest cereal-producing countries (FAOSTAT, 2018), species composition and 
toxigenic potential of F. graminearum species complex was described for wheat (Scoz et al., 
2009; Del Ponte et al., 2015), rice  (Gomes et al., 2015), barley (Astolfi et al., 2011; Castañares 
et al., 2016) and also for maize (Kuhnem et al., 2016).  
Maize is the most-cultivated cereal in Brazil, and Brazil is the largest producer in South 
America, ranking third in the world (FAOSTAT, 2018). Maize production yields are increasing, 
due to improved technologies and use of the second harvest of maize in the major production 
regions of Brazil (Costa et al., 2010). Nevertheless, the presence of Fusarium species is still a 
concern for maize production, mainly due to the difficulties in disease management with 
available fungicides and the existent mycotoxin limits for maize products in Brazil (Kuhnem et 
al., 2016). Therefore, information about distribution, toxigenic and pathogenic potential of 
Fusarium in Brazil is required. 
For South Brazil, including Paraná state, Kuhnem et al. (2016) described the presence 
of three species from Fusarium graminearum species complex in maize (F. graminearum, F. 
meridionale, and F. cortaderiae), also discussing the toxigenic potential and temperature 
effects on mycelial growth. However, there is still a lack of information about Fusarium species 
from other important complexes, such as F. fujikuroi and F. incarnatum-equiseti species 
complexes. Thus, the aim of this study was to identify Fusarium species associated with maize 
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ear and stalk rot in Paraná state, Brazil, through molecular phylogeny approaches and species-
specific PCR, as well as evaluate their pathogenicity in maize stalks and toxigenic potential. 
 
3 MATERIALS AND METHODS 
 
3.1 Sampling, fungal isolation and culture conditions 
 
 Samples were obtained during surveys conducted between February and April 2016 and 
consisted of symptomatic maize ears and stalks collected in different locations in Paraná state, 
Brazil, from commercial fields near Arapoti, Campo Largo, Castro, Guarapuava and 
Prudentópolis municipalities (Figure 1). 
 Maize kernels and stalks were surface disinfected (1 min in 70% ethanol, 3 min in 
NaOCl, rinsed six times in sterile distilled water), dried in a laminar flow hood, placed on water-
agar medium (WA), and incubated for 5 days at 23ºC in the dark.  Plates were evaluated daily 
for fungal growth and Fusarium-like isolates were transferred to potato dextrose agar medium 
(PDA) plates and grown for 7 days at 23ºC in the dark. From these plates, single-spores cultures 
were obtained by washing the conidia from the mycelium with  0.1% (v/v) Tween 80 solution 
and spreading 100 μL of a spore suspension (103 spores . mL -1) over PDA-medium plates. After 
incubation at 23ºC for 1 day in the dark, isolated colonies were transferred to synthetic nutrient 
agar-medium (SNA; Nirenberg, 1976) tubes until further analysis (Leslie & Summerell, 2006). 
Based on colony morphology and pigmentation on PDA-medium plates, isolates were grouped 
into species complexes (Leslie & Summerell, 2006).   
 All isolates were deposited in the Fungal Culture Collection of Laboratório de Genética 





3.2 DNA extraction  
  
 Genomic DNA was extracted from 3-day old cultures grown at 23ºC in the dark over 
cellophane membranes placed on PDA-medium plates. Mycelium was harvested, ground in 
liquid nitrogen, and submitted to a phenol-chloroform extraction method (Raeder & Broda, 
1985). DNA was resuspended in 50 μL of Tris-HCl, pH 7.6, 10 mM, and treated with 0.5 μL 
of RNAse A (20 mg . mL-1) (Sigma-Aldrich). For evaluation of quality and concentration, the 
DNA was submitted to 1% agarose gel electrophoresis using Tris-Acetate-EDTA buffer (TAE), 
stained with GelRed (Biotium), visualized under UV light, and compared to Lambda 
DNA/Hind III marker (Invitrogen). 
 
3.3 PCR amplification and sequencing 
 
 For Fusarium fujikuroi species complex (FFSC) isolates, fragments of the internal 
transcribed spacer region of the rDNA (ITS) and the translation elongation factor 1-alpha (EF-
1α), and beta-tubulin (TUB2) genes were amplified using, respectively, ITS4/ITS5 (White et 
al., 1990), EF1/EF2 (O’Donnell et al., 1998) and T1/T22 primers (O’Donnell & Cigelnik, 
1997). For F. graminearum (FGSC) and F. incarnatum-equiseti species complexes isolates, 
EF728F/EF2 primers (O’Donnell et al., 1998; Carbone & Kohn, 1999) were used instead, as 
no amplicon was obtained using EF1/EF2 primers pair. Amplification reactions were performed 
with an Amplitherm Thermal Cycler in a total volume of 12.5 μL, using 50 ng of DNA and 0.2 
μM of each forward and reverse primers per reaction and TopTaq PCR Master Mix Kit 
(Qiagen), following manufacturer’s instructions. PCR conditions included an initial 
denaturation step of 5 min at 94 ºC, 35 cycles of 30 s at 94 ºC, 30 s at 60 ºC and 1 or 2 min at 
72º C (for EF-1α and TUB2, respectively), using a final extension step of 10 min at 72 ºC to 
conclude the reaction. PCR products were submitted to 1% agarose gel electrophoresis using 
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TAE buffer, stained with GelRed (Biotium), visualized under UV light and compared to 
Molecular Marker Ladder 100pb (Axygen) for evaluation of size, quality, and concentration. 
 For sequencing, amplicons were purified using FastAP and ExoI enzymes 
(ThermoScientific) and sequenced using the BigDye Terminator Cycle Sequencing Kit v3.1 
(Applied Biosystems). Sequencing products were purified using Sephadex G-50 (GE 
Healthcare) in a Multiscreen Column Loader (Millipore). DNA sequences were obtained on an 
ABI Prism 3500 DNA sequencer (Applied Biosystems) and the electropherograms were 
examined and manually corrected when necessary using MEGA7 software (Kumar et al., 
2016). All sequences generated in this study were deposited in NCBI GenBank (Table S1). 
 
3.4 Phylogenetic analyses 
 
 For species complex identification the EF-1α nucleotide sequences were compared to 
NCBI GenBank database using BLAST tool (Johnson et al., 2008), and separate phylogenetic 
analyses were performed for each complex. 
 Besides the sequences generated in this study, EF-1α sequences from F. graminearum 
(FGSC) and F. incarnatum-equiseti (FIESC), EF-1α and TUB2 for F. fujikuroi (FFSC) 
recognized species and lineages were retrieved from NCBI GenBank database and included in 
the phylogenetic analyses (Table S2). F. oxysporum NRRL 22902, F. pseudograminearum 
NRRL 28062 and F. concolor NRRL 13459 strains were used as outgroups for FFSC, FGSC 
and FIESC, respectively. Multiple sequence alignments were obtained with MAFFT v. 7 
software (Katoh & Standley, 2013), checked and manually adjusted in MEGA7 software 
(Kumar et al., 2016) when necessary. Phylogenetic inference was performed under two 
different algorithms: Maximum Likelihood and Bayesian Inference. 
 Maximum likelihood (ML) and Bayesian Inference (BI) analyses were performed on 
CIPRES Science Gateway portal v. 3.3 (Miller et al., 2012) using Garli v. 2.0 (Zwickl, 2006) 
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and MrBayes v. 3.2.6 (Ronquist et al., 2012), respectively. Evolutionary models were tested 
with jModelTest v. 2.1.6 (Guindon & Gascuel, 2003; Darriba et al., 2012), and the best-fit
model for each data partition was selected according to Akaike criterion. Characteristic of 
different partitions and evolutionary models used in analyses are summarized in Table 1.
For ML analyses, evolution was simulated until likelihood scores reached convergence. 
Nonparametric bootstrap analysis was conducted using 1000 pseudoreplicates to generate 
statistical support for the branches and nodes with zero branch lengths were collapsed. 
Bootstrap trees were compiled using SumTrees v. 4.3.0 from Dendropy v. 4.3.0 package 
(Sukumaran & Holder, 2010). Bayesian analyses were conducted using two parallel runs with 
one cold and three heated chains each, using the number of generations needed to reach split 
frequencies of less than or equal to 0.01 and a sampling frequency set to every 10,000 
generations.
The 50% majority consensus trees (for ML) and posterior probability values (PP, for 
BI) were calculated after discarding the first 25% of the generated trees as burn-in. Resulting 
trees were plotted in FigTree v.1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/), and their 
topology was compared, checking incongruence and conflict between clades with significant 
ML and BI support before being concatenated in one tree, which was edited with Adobe 
Illustrator CC 2017.
3.5 Genealogical concordance phylogenetic species recognition (GCPSR)
To assess the recombination level between the new Fusarium species proposed here and 
its closest phylogenetic relatives, a pairwise homoplasy (PHI) test was conducted using the 
multilocus dataset (EF, TUB). The test was performed using SplitsTree v. 4.14.6 (Huson & 
Bryant, 2006), and the relationship between the species was visualized building split graphs 
using both Log-Det transformation and splits decomposition options, as previously described 
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(Quaedvlieg et al., 2014; Sandoval-Denis et al., 2018). A PHI value below 0.05 (Фw < 0.05)
indicates significant recombination in the dataset.
3.6 Molecular diagnostic
3.6.1 Species-specific PCR for Fusarium fujikuroi species complex (FFSC)
To identify non-sequenced isolates through species-specific PCR reactions, specific 
primers were designed for the F. fujikuroi species found, based on EF-1α sequence alignments. 
17-20bp regions specific to each species were selected to design forward primers, which were 
tested for performance characteristic such as internal structures, hairpins, self- and hetero-
dimers formation using OligoIDTAAnalyzer 3.1 (https://www.idtdna.com/calc/analyzer)
(Owczarzy et al., 2008). Melting temperatures were calculated using NEB Tm Calculator 
(https://tmcalculator.neb.com), in order to select primers compatible with the reverse primer 
EF2 (O’Donnell et al., 1998). Primer sequences, annealing temperatures and amplicon sizes are 
summarized in Table 2.
Reactions were performed in a total volume of 12.5 μL, using 0.2 μM of each forward 
and reverse primers, 1.5 mM MgCl2, 0.2 mM dNTPs, 1X Buffer and 0.5 U Taq Polymerase 
(Ludwig Biotecnologia), following manufacturer’s instructions. PCR conditions included an 
initial denaturation step of 5 min at 94 ºC, 35 cycles of 30 s at 94 ºC, 30 s at the annealing 
temperature for the primer (as indicated in Table 2) and 1 min at 72º C, using a final extension
step of 10 min at 72 ºC to conclude the reaction. PCR products were submitted to 1% agarose 
gel electrophoresis using TAE buffer, stained with GelRed (Biotium), visualized under UV 
light and compared to Ladder 100pb (Axygen) for evaluation of size.
The specificity of the primers was tested in reactions using genomic DNA of the 46 
FFSC sequenced isolates (F. awaxy: 16 isolates; F. fujikuroi: 5 isolates; F. napiforme: 3 
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isolates; F. tjaetaba: 3 isolates; F. verticillioides: 19 isolates) and 5 sequenced isolates 
representing strains of FGSC (F. graminearum and F. meridionale) and FIESC (FIESC 12, 
FIESC 20-c; FIESC 33) found in this work. 
To determine the primers sensitivity, the concentration of the genomic DNA from one 
isolate from each species was measured with NanoDrop 2000 (Thermo Fisher Scientific) and 
different dilutions with final concentrations of 100 ng, 50 ng, 10 ng, 1 ng, 100 pg, 10 pg, 1 pg, 
100 fg, 10 fg and 1 fg per μL were prepared (Costa et al. 2017) and used for amplification 
reactions in the same conditions described above.
After testing specificity and sensitivity of the primers, reactions were performed to 
identify the remaining FFSC isolates. All reactions included positive (a sequenced isolate for 
the species being tested) and negative controls (sequenced isolates belonging to the other 
species of Fusarium fujikuroi species complex found in this work), listed in Table 2.
3.6.2 PCR-RFLP for Fusarium graminearum species complex (FGSC)
To identify non-sequenced isolates from FGSC, a specific primer for both F.
graminearum and F. meridionale was designed, based on EF-1α sequences alignments. A 17bp 
region was selected to design a forward primer compatible with EF2 primer and tested for 
performance characteristics and melting temperature as described for FFSC primers above. 
Primer sequence and annealing temperature are listed in Table 2. For PCR-RFLP, restriction 
patterns of F. graminearum and F. meridionale PCR fragments were predicted using 
NEBCutter online software (http://tools.neb.com/NEBcutter) (Vincze et al., 2003), and 
predicted sites were compared for choosing a specific restriction site for one of the species so 
that BsaHI enzyme was chosen. 
Reactions were performed in a total volume of 12.5 μL using 0.2 μM of each forward 
and reverse primers, 1.5 mM MgCl2, 0.2 mM dNTPs, 1X Buffer and 0.5 U Taq Polymerase 
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(Ludwig Biotecnologia), following manufacturer’s instructions. PCR conditions included an 
initial denaturation step of 5 min at 94 ºC, 35 cycles of 30 s at 94 ºC, 30 s at 52ºC and 1 min at 
72º C, using a final extension step of 10 min at 72 ºC to conclude the reaction. PCR products 
were submitted to 1% agarose gel electrophoresis, stained with GelRed (Biotium), visualized 
under UV light and compared to Ladder 100pb (Axygen) for evaluation of size. After 
amplification, the digestion reaction was performed by incubating 10 μL of PCR products (with 
a concentration around 0.1-0.5 μg. μL-1) with 2.5 U of BsaHI enzyme (ThermoFisher Scientific) 
in a final reaction volume of 15.5 μL at 37ºC for 16 hours, followed by thermal inactivation at 
65ºC for 20 minutes. Restricted and non-restricted fragments were submitted to 1% agarose 
electrophoresis using TAE buffer, stained with GelRed (Biotium), visualized under UV light 
and compared to Ladder 100pb (Axygen) for evaluation of size and discrimination of species.
Specificity of the primers was tested in reactions using genomic DNA of the 18 FGSC 
sequenced isolates (F. graminearum: 11 isolates; F. meridionale: 7 isolates) and 8 sequenced 
isolates representing strains of FFSC (F. awaxy, F. fujikuroi, F. napiforme, F. tjaetaba and F. 
verticillioides) and FIESC (FIESC 12, FIESC 20 and FIESC 33) found in this study. 
To determine the primers sensitivity, the concentration of the genomic DNA from one 
isolate from each species was measured with NanoDrop and different dilutions with final 
concentrations of 100 ng, 50 ng, 10 ng, 1 ng, 100 pg, 10 pg, 1 pg, 100 fg, 10 fg and 1 fg per μL 
were prepared (Costa et al. 2017) and used for amplification reactions in the same conditions 
described above.
After testing specificity and sensitivity of the primers reactions were performed to 
identify the remaining FGSC isolates. All PCR reactions included positive (sequenced isolates 
of F. graminearum and F. meridionale) and negative controls (sequenced isolates belonging to 
the species of Fusarium fujikuroi species complex found in this work) listed in Table 2, and 
digestion reactions included the same positive controls of the PCR. 
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3.7 Taxonomy
Two isolates (LGMF1661 and LGMF1930) from the proposed novel species in 
Fusarium fujikuroi species complex (Fusarium awaxy, as indicated by phylogenetic analyses) 
were selected for morphological characterization. 
For macromorphological characterization, colony morphology, pigmentation, odour and 
growth were evaluated during 7 days on PDA, oatmeal agar (OMA) and SNA media incubated 
at 24ºC with a 12/12 h cool fluorescent light/dark photoperiod (Sandoval-Denis et al., 2018).
Mycelial growth rates were evaluated in PDA and SNA media, incubating cultures in the dark 
at temperatures ranging from 16-40ºC in 4ºC intervals and measuring radial growth in 8 
directions around the colony, in triplicate, to calculate mean values per day. 
For micromorphological evaluation, cultures were incubated at 24ºC with a 12/12 h cool 
fluorescent light/dark photoperiod. Observations included presence and characteristics of 
sporodochia, sporodochial macroconidia shape, septation and size and presence of 
chlamydospores in Carnation Leaf Agar (CLA) (Fisher et al., 1982), and microconidial shape, 
septation, size, mode of formation and disposition in conidiophores, branching patterns (mono 
or polyphialides) and nature of conidiogenous cells in both CLA and SNA. Structures were 
examined and documented using water as mounting medium on a Olympus BX51  microscope 
equipped with a Olympus DP72 camera, using cell^F software. A minimal of 50 measurements 
per type of structure were made using Fiji software (Schindelin et al., 2012), to calculate mean, 
minimum and maximum values. For comparison of relevant morphological features, composite 
photo plates were assembled (Sandoval-Denis et al., 2018) in Adobe Photoshop CC 2017. 
Descriptions and nomenclature were deposited in Mycobank.
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3.8 Fumonisin and trichothecenes PCR
To assess the toxigenic potential of F. fujikuroi (FFSC) and F. graminearum (FGSC) 
species complexes isolates, PCR reactions targeting different genes involved in mycotoxins 
production were performed (fumonisin for FFSC and tricothecenes for FGSC). For FFSC 
isolates, PCR reactions targeted the FUM1 gene using FUM1F and FUM1R primers (Bluhm et 
al., 2004), which produce a fragment of 183bp for isolates with FUM1 gene. Amplification 
reactions were performed in a total volume of 12.5 μL, using using 50 ng of DNA and 0.2 μM 
of each forward and reverse primers per reaction and TopTaq PCR Master Mix Kit (Qiagen), 
following manufacturer’s instructions. PCR conditions included an initial denaturation step of 
5 min at 94 ºC, 35 cycles of 30 s at 94 ºC, 30 s at 60 ºC and 1 min at 72º C, using a final 
extension step of 10 min at 72 ºC to conclude the reaction. PCR products were submitted to 1% 
agarose gel electrophoresis using TAE buffer, stained with GelRed (Biotium), visualized under 
UV light and compared to Ladder 100pb (Axygen) for evaluation of size and presence of the 
fragment. 
For FGSC isolates, reactions targeted Tri3, Tri5 and Tri7 genes, to identify 3-acetyl-
deoxynivalenol (3-ADON) or 15-acetyl-deoxynivalenol (15-ADON), deoxynivalenol (DON), 
and nivalenol (NIV) producers, respectively, in a multiplex reaction (Quarta et al., 2006). PCR 
reactions were performed in a total volume of 12.5 μL, using TopTaq PCR Master Mix Kit 
(Qiagen) and following the annealing temperature and primers concentration described in the 
multiplex method (Quarta et al., 2006). PCR conditions included an initial denaturation step of 
5 min at 94 ºC, 35 cycles of 30 s at 94 ºC, 30 s at 53 ºC and 1 min at 72º C, using a final 
extension step of 10 min at 72 ºC to conclude the reaction. PCR products were submitted to 1% 
agarose gel electrophoresis using TAE buffer, stained with GelRed (Biotium), visualized under 
UV light and compared to Ladder 100pb (Axygen) for evaluation of size and trichothecene 
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genotype determination. Expected fragment sizes are 625 bp for NIV, 525 bp for DON, 708 bp 
for 15-ADON and 354 bp for 3-ADON producers (Quarta et al., 2006).
3.9 Fumonisin extraction and quantification
A fumonisin production and quantification assay using maize kernels was performed to 
confirm FUM1 PCR results, as some F. fujikuroi species complex isolates from our study 
belonged to species not yet evaluated for their toxigenic potential (F. awaxy and F. tjaetaba). 
Positive and negative isolates (according to PCR results) from both species were chosen, as 
well as positive and negative isolates from F. fujikuroi, and positive isolates from F. napiforme
and F. verticillioides, species already described as fumonisin producers (Leslie & Summerell, 
2006). Isolates chosen are listed in Table 3.
Maize kernels were ground using a Moulinex Super Junior Coffee Grinder (model 
A505, Moulinex), mixed with distilled water in 1:1 proportion (maize (g) : water (mL)), and 
autoclaved for 60 min at 121ºC for 2 consecutive days (Vismer et al., 2004; Schoeman et al.,
2016). Using the ground maize kernels, maize patties were prepared inside 90-mm polystyrene 
Petri dishes and inoculated with 1 mL of spore suspensions (106 spores . mL -1) (Schoeman et 
al., 2016). Spores were obtained from 14-day old cultures grown on PDA-medium, by washing 
with 0.1% (v/v) Tween 80 solution. Three patties were inoculated per isolate, incubated at 25ºC 
for 14 days, then oven-dried at 60ºC overnight.
Fumonisin quantification was performed through ELISA with AgraQuant® Total 
Fumonisin Assay (0.25/5.0) (RomerLabs) following manufacturer’s instructions. For ELISA 
sample preparation, the dried patties were pooled and 5 g of pooled sample was mixed with 25 
mL methanol/water (70/30, v/v), following 1:5 ratio of sample weight and extraction solution 
as described by manufacturer. The mixture was vigorously shaken for 3 minutes to extract 
mycotoxins. The extracts were filtered through Whatman paper filters,had their pH adjusted 
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(pH between 6 and 8) and were diluted (1:4) in distilled water and submitted to ELISA 
reactions. The samples and the fumonisin standard solutions had their absorbance measured in 
Epoch microplate spectrophotometer (Bio Tek, USA) using Gen5 software, and quantification 
was performed based on the constructed standard curve. Fumonisin detection range of the kit 
is 0.25-5.0 ppm.
3.10 Pathogenicity tests
Pathogenicity tests were performed with isolates recovered from maize stalks to fulfill 
Koch’s postulates for some of the Fusarium species found. One isolate was selected for each 
species (F. awaxy: LGMF1930; F. fujikuroi: LGMF1818; F. graminearum: LGMF1824; F. 
meridionale: LGMF1853; F. napiforme: LGMF1842; F. tjaetaba: LGMF1854; F. 
verticillioides: LGMF1961).  
Seeds of Zea mays hybrid “P2530H” (moderately resistant, Pioneer) were treated with 
fungicides and insecticides, and planted along a single row divided in blocks of 20 plants, with 
0.2m and 0.8m spacing between plants and blocks, respectively. For each species, fifteen 
healthy plants within a same block were inoculated 90 days after planting, using an adapted 
cattle injection gun (Höpnner, Model 113) equipped with a hypodermic needle. To prepare the 
spore suspensions (106 spores . mL -1 ), 14-day old cultures grown on PDA-medium were 
washed with a 0.1% (v/v) Tween 80 solution. Stalks were inoculated at the second internode, 
using 1 mL of the spore suspension. The 0.1% (v/v) Tween 80 solution was used as negative 
control. 
Symptoms, lesions and disease development were evaluated 70 days after inoculation.
Maize stalks were classified as healthy (green and firm stalks, without collapsing when 
pinched), intermediary (tan and firm stalks, without collapsing when pinched) and rotten (tan 
to brown stalks, collapsing when pinched). Inoculated fungi were re-isolated from stalks with 
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lesions and had their identity confirmed through EF-1α sequencing, species-specific PCR, and 
PCR-RFLP methods described before. 
4 RESULTS 
4.1 Species complexes composition within Fusarium
A total of 204 Fusarium isolates were recovered from symptomatic maize samples, 107
from maize ears (52.5%), and 97 (47.5%) from stalks. Based on colony morphology and 
pigmentation on PDA-medium, 162 were identified as members of Fusarium fujikuroi species 
complex (FFSC) (79.4%), 37 as Fusarium graminearum species complex (FGSC) isolates 
(18.1%) and 5 as Fusarium incarnatum-equiseti (FIESC) species complex (FIESC) members 
(2.5%). FFSC was the most frequent complex, comprising 85% and 73.2% of ear and stalk 
collections, respectively. FGSC isolates comprised 15% of ear and 21.6% of stalk collection. 
FIESC was the least frequent complex, and only recovered from stalks (2.5% of the stalk 
collection). FFSC isolates were mainly recovered from ears, and on the other hand, most of the
FGSC isolates were recovered from stalks (Figure 1). 
The generated EF-1α sequences were compared to sequences in NCBI Genbank 
database confirming the previous morphological identification of isolates at complex level, with 
46 isolates displaying 98-100% EF-1α sequence similarity to FFSC sequences, 18 isolates 
displaying 98-100% sequence similarity to FGSC sequences and 5 isolates showing 98-100% 
sequence similarity to FIESC sequences.
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4.2 Phylogenetic analysis 
 
For Fusarium fujikuroi species complex (FFSC) phylogenetic analysis, the EF-1α 
alignment consisted of 146 sequences from the 75 recognized species and lineages in FFSC, F. 
oxysporum NRRL 22902 as the outgroup taxon and 46 sequenced isolates from our sample 
(Figure 2). From these 46 isolates, 19 were identified as F. verticillioides, 5 as F. fujikuroi, 3 
as F. tjaetaba and 3 as F. napiforme. However, 16 isolates did not cluster with any known FFSC 
species and formed a well-supported group, representing a novel species. This group was 
confirmed in the multilocus approach using EF-1α and TUB2 sequences as well (data not 
shown). Moreover, no significant evidence of recombination was observed in the PHI test with 
the closest phylogenetic relatives, F. bactridioides, F. subglutinans and F. temperatum  (Фw = 
0.27, Figure S1).  Thus, this species is described in our study as F. awaxy.  
 For Fusarium graminearum species complex, the EF-1α alignment consisted of 55 
sequences from the 17 recognized species in FGSC, F. pseudograminearum as the outgroup 
taxon and 18 isolates of our sample. From these, 11 were identified as F. graminearum and 7 
as F. meridionale (Figure 3). 
 Finally, for Fusarium incarnatum-equiseti species complex (FIESC) phylogenetic 
analysis, the alignment comprised 13 sequences from FIESC species and lineages, F. concolor 
as the outgrop taxon and 5 sequences of isolates from our sample (Figure 4). One isolate was 
identified as a member of FIESC lineage 12, other as a member of FIESC lineage 20. The 
remaining 3 did not cluster with any other FIESC lineage yet described, suggesting they belong 





4.3 Species-specific PCR for Fusarium fujikuroi species complex and PCR-RFLP for 
Fusarium graminearum species complex 
 
 Using the EF-1α sequences, six primers were designed for species identification. The 
specificity of these primers was evaluated using 69 isolates previously identified by 
phylogenetic analysis. All six primers produced amplicons of expected sizes (Table 2) and 
amplification occurred only in the target species, showing their specificity (Figure 5). In the 
PCR-RFLP method for FGSC, fragment restriction occurred only for F. graminearum isolates, 
efficiently differentiating F. graminearum and F. meridionale. Detection limit of the primers 
was variable, ranging from 50 ng to 1 ng of template DNA per reaction. 
 
4.4 Species composition 
 
 From the 162 isolates belonging to FFSC, 46 were identified through phylogenetic 
analysis (Figure 2) and 116 through species-specific PCR.  83 isolates were identified as F. 
verticillioides, 55 as F. awaxy, 12 as F. fujikuroi, 9 as F. tjaetaba and 3 as F. napiforme.  From 
the total of 37 FGSC isolates, 18 were identified through phylogenetic analysis (Figure 3) and 
19 through the PCR-RFLP method. From those, 19 isolates were identified as F. graminearum 
and 18 as F. meridionale. And finally, all FIESC members were identified through phylogenetic 
analysis (Figure 4), FIESC lineages 12 and 20 with one isolate each and 3 isolates from a new 
FIESC lineage (FIESC 33).  
F. verticillioides and F. awaxy, both species from FFSC, were the dominant species in 
maize ears (58.9%) and stalks (34%), respectively. For overall sample, F. verticillioides was 




4.5 Toxigenic potential 
  
 Among the 162 Fusarium fujikuroi species complex (FFSC) isolates 101 were positive 
and 61 were negative for the presence of  FUM1 gene, as detected by FUM1 PCR (Table S1). 
All F. verticillioides isolates were positive, on the other hand, both positive and negative 
isolates were found for F. awaxy, F. fujkuroi, F. napiforme and F. tjaetaba. As expected, 
FUM1-negative isolates produced no fumonisins within the detection range when inoculated in 
maize patties. On the other hand, FUM1-positive isolates were variable in the fumonisin 
production. For F. awaxy isolates, fumonisin production was not detected. For F. fujikuroi, F. 
tjaetaba and F. verticillioides, intermediate (1.1 ppm for F. fujikuroi LGMF1818 and 1.6 ppm 
for F. tjaetaba LGMF1723) to high (2.4 and 3.7ppm for F. verticillioides isolates) amounts of 
fumonisin were observed, but some isolates produced low (0.26ppm) or no detectable amounts 
of fumonisin (Table 3).  
Trichothecene genotypes were species dependent for FGSC isolates, as all F. 
graminearum isolates were 15-ADON genotype and all F. meridionale isolates were NIV 
genotype (Table S1). 3-ADON genotype was not present in our sample.  
     
4.6 Taxonomy 
 
Fusarium awaxy Petters & Glienke, sp. nov. – Mycobank 824048, Fig 6. 
Etymology: Named after the Tupi-Guarani word for maize, "awaxy", referring to isolation 
substrate (maize ears and stalks) and geographical location (Arapoti and Guarapuava cities, 
both with names from Tupi-Guarani language). 
Description 
Colonies on PDA growing in the dark with average radial growth rate of 5.9 mm/d at 24ºC 
(reaching 74-80mm diameter in 7 d at 24ºC), with abundant aerial mycelium. Colony colour 
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white, pale pink, pale violet or peach, occasionally becoming dark pink, vinaceous or violet in 
older cultures. Odour absent. 
Microconidia forming abundantly in false heads, arising in monophyalides and polyphialides, 
oval, 7.8 – 16 μm (x̅ = 11.7 μm) long, 2.1 – 5.7 μm (x̅ = 4.4 μm) wide, 0 septate. 
Chlamydospores absent. Sporodochia tan to cream coloured, formed on the surface of 
carnation leaves and seldom covered with aerial mycelium, occasionally formed on the 
surface of CLA or PDA. Macroconidia 3 septate, 24.1 – 43.5 μm (x̅ = 30.4 μm) long, 3.2 – 
5.1 μm (x̅ = 4.2 μm) wide, less abundant than microconidia.  
Cardinal temperatures for growth: minimum observed of 16ºC, maximum 32ºC, optimal 23-
28ºC.  
Habitat: Ear and stalk rot of Zea mays, seeds of Sourghum bicolor 
Known geographic distribution: Paraná and Goiás states, Brazil; South Korea, China, South 
Africa, USA. 
Specimens examined:  
Brazil, Paraná, Guarapuava, stalk rot of Zea mays, March 2016, collected by F. Terasawa, 
isolated by D. Petters, culture ex-type LGMF1930, NCBI GenBank accession codes 
MG839004 (EF-1α), MG839013 (TUB2), MH252922 (ITS);  
Brazil, Paraná, Arapoti, ear rot of Zea mays, February 2016, collected by F. Terasawa, 
isolated by D. Petters, LGMF1661, NCBI GenBank accession codes MG838954 (EF-1α), 
MG839011 (TUB2), MH252921 (ITS).  
Notes – F. awaxy is phylogenetically related to F. temperatum and F. subglutinans, both species 
already described causing maize stalk rot (Leslie & Summerell, 2006; Scauflaire et al., 2011). 
Morphologically F. temperatum and F. subglutinans are quite similar, producing microconidia 
in mono and polyphialides arranged in false heads in the aerial mycelium. However, they differ 
in the degree of septation of the macroconidia, as F. temperatum macroconidia are usually 4-
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septate and F. subglutinans are 3-septate (Scauflaire et al., 2011). There is not a clear 
morphological delimitation between F. awaxy and F. subglutinans, but many other species 
morphologically similar to F. subglutinans have been described (e.g. F. bulbicola, F. 
guttiforme, F. sacchari) and cannot be properly differentiated without the use of molecular 
information (Leslie & Summerell, 2006). F. subglutinans and F. temperatum have already been 
described causing human infections, but F. awaxy did not grow over 32ºC, suggesting inability 
to cause infection in humans. Additionally, both F. subglutinans and F. temperatum are 
reported as causal agents of Fusarium stalk rot, and in pathogenicity tests F. awaxy caused 
symptoms classified as intermediate, suggesting lower aggressiveness than usually observed 




 Isolates from all species, except F. napiforme, caused stalk rot symptoms in P2530H 
maize hybrid, but at different levels of severity. F. fujikuroi, F. graminearum, F. meridionale, 
and F. verticillioides were the most aggressive, as maize stalks became tan, brown and fragile, 
crushing when pinched. F. awaxy and F. tjaetaba were classified as intermediate, as stalks 
acquired a tan to beige coloration, but maize stalks were still firm, and did not collapse when 
pinched. Maize plants inoculated with F. napiforme were classified as healthy, as stalks were 
still green and firm. Isolates recovered from lesions had identical EF-1α sequences to the 









 Our study provides information regarding the composition of Fusarium species 
associated with symptomatic maize plants in Paraná state, Brazil, with isolates from three 
different complexes: Fusarium fujikuroi (FFSC), Fusarium graminearum (FGSC), Fusarium 
incarnatum-equiseti (FIESC).  
 For Fusarium graminearum species complex (FGSC), both species found, F. 
graminearum and F. meridionale, are commonly described causing diseases in several cereal 
crops, such as maize, barley, rice and wheat, being distributed worldwide (Goswami & Kistler, 
2004) and have already been described in maize ears and stalks from South Brazil in a previous 
study (Kuhnem et al., 2016). Our results for trichothecenes genotyping agree with Kuhnem et 
al. (2016) since F. graminearum and F. meridionale were also of 15-ADON and NIV genotypes 
in our sample. However, this previous study (Kuhnem et al., 2016) described F. meridionale as 
the dominant species in overall sample, maize kernels and maize stalks collections, and the vast 
majority of the maize stalk isolates were identified as F. meridionale (97.8%), which differs 
from the proportions here observed. In our sample F. graminearum were not so rare, as they 
comprised 38.1% of FGSC isolates of our stalk collection. In addition, for our FGSC maize ears 
collection, F. graminearum was the dominant species (68.7%) and for the FGSC overall 
sample, both species were present in similar proportions (F. graminearum comprising 51.3% 
and F. meridionale comprising 48.7%). Differences in these findings may be due to difference 
in sampling areas, sample sizes, or even due to changes in population composition across time, 
as species composition can vary between fields in response to environmental factors or even 
management practices (Del Ponte et al., 2013). Such differences in species composition suggest 
the relevance of continuous monitoring and evaluation of FGSC populations, to direct disease 
management and provide knowledge of the biology of such pathogens (Del Ponte et al., 2013) 
or shifts in population composition. As expected, since F. graminearum and F. meridionale are 
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described as maize pathogens, isolates from both species caused maize stalk rot in the 
pathogenicity test. 
        For Fusarium fujikuroi species complex (FFSC), the tree topology here obtained 
resembled topologies previously recovered for EF-1α region in other studies evaluating FFSC 
species (O’Donnell et al., 1998, 2000; Herron et al., 2015). This species complex is divided 
into three large clades (African, Asian and American clades) and in our study, we recovered 
isolates from all three clades: F. awaxy in American, F. fujikuroi in Asian, F. napiforme, F. 
tjaetaba and F. verticillioides in African clade (Figure 2). 
 F. verticillioides, the most frequent species in maize ears (58.9%) and overall sample 
(41.7%), was found in all cities except Arapoti and recovered from both ears and stalks. F. 
verticillioides was the second most frequent species in maize stalks (20.6%), and as expected, 
also caused stalk rot in the pathogenicity test, in a similar level as that observed for F. 
graminearum and F. meridionale. Besides being commonly reported associated with maize 
plants, as a pathogen or endophyte (Leslie & Summerell, 2006), this species is also known as a 
fumonisin producer, posing serious health risks related to the consumption of contaminated 
grains. The presence of F. verticillioides in the sample, especially in ears, with all the isolates 
being positive for FUM1 gene, and some with fumonisin production detected through the 
ELISA assay, reinforces the importance of monitoring mycotoxins in maize, with special 
attention to fumonisins. 
         F. fujikuroi reports normally link the species with rice diseases (Leslie & Summerell, 
2006), and fewer ones with maize, either causing disease symptoms (Hsuan et al., 2011) or also 
producing fumonisins in low concentration (Mohammadi et al., 2016). F. fujikuroi was 
frequently supposed to produce fumonisin in low quantities if any, as few reference strains 
produced fumonisins  in low amounts only (Leslie & Summerell, 2006). However, there is 
evidence to reevaluate the toxigenic potential and threat of F. fujikuroi, since isolates recovered 
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from wine grapes in the United States produced fumonisins in comparable levels to F. 
proliferatum and F. verticillioides (Bolton et al., 2016). In our sample, two of the FUM1- 
positive isolates in PCR produced fumonisins in maize patties, one in low concentration 
(LGMF1818, 0.26ppm). Finding F. fujikuroi isolates, especially in maize ears, suggests such 
mycotoxins to be possible maize contaminants not yet explored. In order to further characterize 
this issue more studies are required, either to determine F. fujikuroi presence and distribution 
in maize plants in Brazil, or to verifiy if such mycotoxins are produced in maize grains. In the 
pathogenicity test F. fujikuroi caused stalk rot symptoms similarly to F. graminearum, F. 
verticillioides and F. meridionale, three species already described as maize pathogens. This 
suggests F. fujikuroi as a possible maize stalk rot causal agent not yet explored.  
        F. tjaetaba isolates were recovered from Castro and Guarapuava materials, mainly of 
maize stalks (8 isolates), and only one isolate was found in a maize ear. This species was 
originally described in Australia in association with Sorghum interjectum, a native plant from 
an isolated environment (Laurence et al., 2016). To this date, there is no information regarding 
toxigenic potential or pathogenicity for this species, and our study is the first to report it outside 
of Australia, in association with maize plants. However, we found in GenBank database one 
EF-1α sequence (KX852321) that matches with F. tjaetaba in the BLASTn search and clusters 
with F. tjaetaba type-strain in our phylogenetic analysis. This isolate was misidentified as 
Fusarium andiyazi, and recovered from a symptomatic Pinus taeda seedling in São Paulo state, 
Brazil (Do Carmo, 2017). Finding these isolates in such different plants (Pinus and Zea in 
Brasil, Sorghum in Australia) suggests that F. tjaetaba host range may not be as narrow as 
previously supposed (Laurence et al., 2016). In addition, F. tjaetaba isolates with positive 
results for FUM1 gene PCR were recovered in our sample, including the isolate found in the 
maize ear, for which fumonisin production was detected in the ELISA assay (LGMF1723, 
producing 1.16ppm). This suggests that F. tjaetaba may be important not only as pathogen in 
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Pinus, but also as a fumonisin producer in maize. Regarding pathogenicity, F. tjaetaba did not 
cause stalk rot symptoms in the same level observed for F. graminearum, F. fujikuroi, F. 
meridionale and F. verticillioides. This suggests that F. tjaetaba is not an important maize stalk 
rot causative agent, at least for moderately resistant maize hybrids such as P2530H, tested here. 
Further studies regarding F. tjaetaba toxigenic potential, pathogenicity and aggressiveness in 
other maize hybrids, and geographical distribution are required to determine if this species 
could represent a threat to maize crops or if its association with maize occurs only in a narrow 
geographical area in Brazil.  
 F. napiforme was originally described from cultures isolated from millet and sorghum 
in Africa (Marasas et al., 1987), and recovered from sorghum grain in Argentina and soil in 
different locations of Africa and Australia (Leslie & Summerell, 2006). Based on the 
morphology of the napiform microconidia, F. napiforme has already been described in 
association with maize, being present in symptomatic kernels from Mexico (Morales-Rodríguez 
et al., 2007) and UK (Basler, 2016), and here we report for the first time the association of F. 
napiforme with maize stalks, as our 3 isolates were recovered from stalks from Castro sample. 
However, F. napiforme did not cause stalk rot symptoms in the pathogenicity test using 
moderately resistant maize hybrid P2530H. The toxigenic potential of this species has not been 
properly explored yet, with sporadic reports of few strains capable of producing toxins such as 
fumonisins, usually in low amounts (Nelson et al., 1992).  In our study, we observed 1 isolate 
positive and 2 isolates negative for FUM1 in PCR analyses, and the only one FUM1-positive 
isolate produced fumonisin in low amount (0.39ppm). Although we observed no  pathogenicity 
and low fumonisin production in the conditions tested, further studies with other conditions 
would be necessary in order to evaluate if the F. napiforme association with maize represents 
or not  a major threat if compared with other species found, such as F. verticillioides and F. 
graminearum, that presented higher agressiveness. 
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F. awaxy, the new species in American clade of FFSC, is morphologically similar to F. 
subglutinans, another pathogen from maize (Leslie & Summerell, 2006) and the closest 
phylogenetic relative (Figure 3). Although no significant morphological differences were 
observed, there is clear phylogenetic delimitation and no evidence of recombination was 
observed in PHI test, supporting the description of F. awaxy as a new species. F. awaxy did not 
grow at temperatures over 32ºC, suggesting the inability to cause infections in humans, a 
physiological character that contrasts the reports of infections caused by F. subglutinans  and 
F. temperatum. In the pathogenicity test using a moderately resistant maize hybrid, F. awaxy 
caused stalk rot in similar levels as described for F. tjaetaba. For these conditions, F. awaxy 
differs from F. subglutinans and F. temperatum, which show higheraggressiveness in maize. 
Moreover, it was previously suggested that additional species remain to be identified and 
described in F. subglutinans sensu lato group (Leslie & Summerell, 2006), being F. awaxy one 
of those. Some EF-1α sequences found in NCBI GenBank matched the sequences generated for 
our F. awaxy isolates, also grouping with them in the phylogenetic analysis. Most of the 
sequences found in NCBI GenBank were from isolates recovered from maize, in different 
geographical areas (Africa, Asia, North and South America), and were all misidentified as F. 
subglutinans, probably due to problems in identification methods used (BLASTn based 
identification, improper phylogenetic analyses which did not include all FFSC species and type-
strains). These isolates are here identified as F. awaxy, demonstrating that this species has 
already been recovered from maize before, but not recognized as a distinct species from F. 
subglutinans.  Although two F. awaxy isolates in our sample were positive for FUM1 gene in 
PCR, fumonisin production in ELISA assay was not detected for those isolates, suggesting no 
or low production (below the detection limit of 0.25ppm) in the conditions evaluated here. The 
toxigenic potential for other mycotoxins already described for F. subglutinans sensu lato group, 
such as moniliformins (Leslie & Summerell, 2006), was not evaluated for our isolates, being 
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an issue which could be addressed in the future, to characterize these species toxigenic potential 
and possible risks in maize. 
Finally, regarding Fusarium incarnatum-equiseti species complex (FIESC), three 
different lineages were found. We identified one isolate as FIESC 12, a lineage already reported 
in association with cereals as wheat (O’Donnell et al., 2008) and oat (Villani et al., 2016), and 
another isolate as FIESC 20, a lineage reported in associations with insects and human 
infections (O’Donnell et al., 2008). FIESC 33 is proposed here as a new lineage, including three 
isolates from our sample and one sequence from an isolate recovered from Trichosanthes 
dioica, misidentified as FIESC 23 (Villani et al., 2016). FIESC species comprise isolates 
usually associated with human and animal infections (O’Donnell et al., 2008) as well as 
insecticolous fusaria (O’Donnell et al., 2012), but plant pathogenicity, disease epidemiology 
and mycotoxin production for this complex are not yet clear (Villani et al., 2016). Our study 
contributes with information regarding species distribution, as we reported for the first time 
these three lineages associated with maize. As these isolates were all recovered from maize 
stalks, the relevance of toxin production is reduced, and was not evaluated in our study.  
 In summary, our study provides relevant information regarding the diversity of 
Fusarium species associated with maize in Brazil, especially for Fusarium fujikuroi species 
complex (FFSC), as in a reduced sample from a small area (Paraná state) several species were 
found, including a new species and species not yet described in association with maize. These 
findings demonstrate that Fusarium diversity in maize could be still underestimated, and further 
studies regarding distribution, pathogenicity and toxigenic potential of these species are 
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Figure 2 - Bayesian Inference tree based on EF-1α sequences of strains belonging to Fusarium 
fujikuroi species complex. MP and ML bootstrap values above 70% and Bayesian posterior 
probability values (PP) values above 0.9 indicated to the left of the nodes. Isolates obtained in 
this study are indicated in blue and red font (for maize ears and stalk isolates, respectively). 
Type strains included in analysis are indicated in bold and with (T). The tree was rooted to 














Figure 3 - Bayesian Inference tree based on EF-1α sequences of strains belonging to Fusarium 
graminearum species complex. MP and ML bootstrap values above 70% and Bayesian 
posterior probability values (PP) values above 0.9 indicated to the left of the nodes. Isolates 
obtained in this study are indicated in blue and red font (for maize ears and stalk isolates, 
respectively). Type strains included in analysis are indicated in bold and with (T). The tree was 





Figure 4 - Bayesian Inference tree based on EF-1α sequences of strains belonging to Fusarium 
incarnatum-equiseti species complex. MP and ML bootstrap values above 70% and Bayesian 
posterior probability values (PP) values above 0.9 indicated to the left of the nodes. Isolates 
obtained in this study are indicated in blue and red font (for maize ears and stalk isolates, 
respectively). Type strains included in analysis are indicated in bold and with (T). The tree was 





Figure 5 - Species-specific PCR and PCR-RFLP.   
a - Specificity test of species-specific and PCR-RFLP primers using genomic DNA from FFSC, 
FGSC and FIESC species found in this work at the concentration of 50ng. Sidebars at left 
indicate expected amplicon size for each primer pair. Marker Ladder 100pb (Axygen); N: 
Negative control (water). 
b - Sensitivity test of species-specific and PCR-RFLP primers using different concentrations of 
genomic DNA from target species, ranging from 100ng to 1fg. Sidebars at left indicate expected 
amplicon size for each primer pair. Marker Ladder 100pb (Axygen); N: Negative control 
(water). 
c - PCR-RFLP with BsaHI enzyme to differentiate between F. graminearum and F. 
meridionale. Sidebars at left indicate expected fragment size. Marker Ladder 100pb (Axygen); 





Figure 6. Fusarium awaxy LGMF1930.  
a-d. Colonies on PDA (a-b) and OMA (c-d) after 7 d at 24ºC in the dark;  
e-f. Sporodochia formed on the surface of carnation leaves;  
g-i. Aerial conidiophores and conidia. Arrows indicate monophialide (g), false head (h) and 
polyphialide (i) 
j. Sporodochial conidia (macroconidia) 
k. Aerial conidia (microconidia) 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3 - Species, isolation substrate, geographical origin, PCR and ELISA results of Fusarium 








F. awaxy LGMF1645 Ear Arapoti - - 
 LGMF1651 Ear Arapoti + - 
 LGMF1658 Ear Arapoti - - 
 LGMF1661 Ear Arapoti - - 
 LGMF1746 Ear Guarapuava + - 
F. fujikuroi LGMF1751 Ear Guarapuava - - 
 LGMF1818 Stalk Arapoti + + (0.26ppm) 
 LGMF1819 Stalk Arapoti + + (1.1ppm) 
 LGMF1839 Stalk Castro - - 
F. napiforme LGMF1842 Stalk Castro + + (0.39ppm) 
F. tjaetaba LGMF1723 Ear Castro + + (1.16ppm) 
 LGMF1826 Stalk Castro + - 
 LGMF1854 Stalk Castro - - 
F. verticillioides LGMF1675 Ear Campo Largo + + (3.7ppm) 
 LGMF1724 Ear Castro + + (2.4ppm) 
 LGMF1762 Ear Guarapuava + - 
 LGMF1777 Ear Prudentópolis + - 
 LGMF1874 Stalk Guarapuava + + (0.9ppm) 
 LGMF1961 Stalk Prudentópolis + - 
a – Positive (+) or negative (-) according to presence (+) or absence (-) of 183bp fragment in 
FUM1 PCR. 
b  - Positive (+) when fumonisin concentration between 0.25-5ppm range and negative (-) 





Anfossi L, Giovannoli C, Baggiani C, 2016. Mycotoxin detection. Current Opinion in 
Biotechnology 37, 120–126. 
Anvisa, 2011. Resolucão RDC 7. Dispõe sobre limites máximos tolerados (LMT) para 
micotoxinas em alimentos, constante do Anexo desta Resolução. Diário Oficial da 
União; Poder Executivo, de 18 de fevereiro de 2011. 
[http://portal.anvisa.gov.br/documents/10181/2968262/RDC_07_2011_COMP.pdf/afe3f
054-bc99-4e27-85c4-780b92e2b966]. Accessed 18 July 2018. 
Aoki T, O’Donnell K, Geiser DM, 2014. Systematics of key phytopathogenic Fusarium 
species: Current status and future challenges. Journal of General Plant Pathology 80, 
189–201. 
Astolfi P, dos Santos J, Schneider L et al., 2011. Molecular survey of trichothecene genotypes 
of Fusarium graminearum species complex from barley in Southern Brazil. 
International Journal of Food Microbiology 148, 197–201. 
Basler R, 2016. Diversity of Fusarium species isolated from UK forage maize and the 
population structure of F. graminearum from maize and wheat. PeerJ 4, e2143. 
Bluhm BH, Cousin MA, Woloshuk CP, 2004. Multiplex real-time PCR detection of 
fumonisin-producing and trichothecene-producing groups of Fusarium species. Journal 
of food protection 67, 536–43. 
Bolton SL, Brannen PM, Glenn AE, 2016. A novel population of Fusarium fujikuroi isolated 
from southeastern U.S. winegrapes reveals the need to re-evaluate the species’ fumonisin 
production. Toxins 8, 1–14. 
Carbone I, Kohn LM, 1999. A Method for Designing Primer Sets for Speciation Studies in 
Filamentous Ascomycetes. Mycologia 91, 553–556. 
Castañares E, Dinolfo MI, Del Ponte EM, Pan D, Stenglein SA, 2016. Species composition 
and genetic structure of Fusarium graminearum species complex populations affecting 
the main barley growing regions of South America. Plant Pathology 65, 930–939. 
Cheli F, Battaglia D, Gallo R, Dell’Orto V, 2014. EU legislation on cereal safety: An update 
with a focus on mycotoxins. Food Control 37, 315–325. 
Costa RV da, Silva DD da, Cota L V., Parreira DF, Ferreira A da S, Casela CR, 2010. 
Incidência de Colletotrichum graminicola em colmos de genótipos de milho. Summa 
Phytopathologica 36, 122–128. 
65 
 
Costa SS, Moreira GM, Pfenning LH, 2017. Development of a PCR protocol for the 
identification and detection of Fusarium solani f. sp. piperis from soil and roots of black 
pepper (Piper nigrum). Tropical Plant Pathology 42, 55–59. 
Darriba D, Taboada GL, Doallo R, Posada D, 2012. jModelTest 2 : more models , new 
heuristics and high- performance computing. Nature Methods 9, 6–9. 
Dean R, Van Kan JAL, Pretorius ZA et al., 2012. The Top 10 fungal pathogens in molecular 
plant pathology. Molecular Plant Pathology 13, 414–430. 
Do Carmo ALM, 2017. Fusarium em sementes de Pínus no Brasil: distribuição, 
patogenicidade, identificação de espécies e controle biológico. Curitiba, Brazil: 
Universidade Federal do Paraná, PhD Thesis. 
FAOSTAT, 2018. Agriculture production data. [http://www.fao.org/faostat/en]. Accessed 18 
July 2018. 
Fisher NL, Burgess W, Toussoun A, Nelson PE, 1982. Carnation leaves as a substrate and for 
preserving cultures of Fusarium species. Phytopathology 72, 151. 
Gomes LB, Ward TJ, Badiale-Furlong E, Del Ponte EM, 2015. Species composition, 
toxigenic potential and pathogenicity of Fusarium graminearum species complex 
isolates from southern Brazilian rice. Plant Pathology 64, 980–987. 
Goswami RS, Kistler HC, 2004. Heading for disaster: Fusarium graminearum on cereal 
crops. Molecular Plant Pathology 5, 515–525. 
Gräfenhan T, Schroers HJ, Nirenberg HI, Seifert KA, 2011. An overview of the taxonomy, 
phylogeny, and typification of nectriaceous fungi in Cosmospora, Acremonium, 
Fusarium, Stilbella, and Volutella. Studies in Mycology 68, 79–113. 
Guindon S, Gascuel O, 2003. A Simple, Fast, and Accurate Algorithm to Estimate Large 
Phylogenies by Maximum Likelihood. Systematic Biology 52, 696–704. 
Herron DA, Wingfield MJ, Wingfield BD, Rodas CA, Marincowitz S, Steenkamp ET, 2015. 
Novel taxa in the Fusarium fujikuroi species complex from Pinus spp. Studies in 
Mycology 80, 131–150. 
Hsuan HM, Salleh B, Zakaria L, 2011. Molecular identificationn of Fusarium species in 
Gibberella fujikuroi species complex from rice, sugarcane and maize from Peninsular 
Malaysia. International Journal of Molecular Sciences 12, 6722–6732. 
Huson DH, Bryant D, 2006. Application of phylogenetic networks in evolutionary studies. 
Molecular Biology and Evolution 23, 254–267. 
Johnson M, Zaretskaya I, Raytselis Y, Merezhuk Y, McGinnis S, Madden TL, 2008. NCBI 
BLAST: a better web interface. Nucleic acids research 36, 5–9. 
66 
 
Katoh K, Standley DM, 2013. MAFFT multiple sequence alignment software version 7: 
Improvements in performance and usability. Molecular Biology and Evolution 30, 772–
780. 
Kazan K, Gardiner DM, Manners JM, 2012. On the trail of a cereal killer: Recent advances in 
Fusarium graminearum pathogenomics and host resistance. Molecular Plant Pathology 
13, 399–413. 
Kuhnem PR, Ward TJ, Silva CN et al., 2016. Composition and toxigenic potential of the 
Fusarium graminearum species complex from maize ears, stalks and stubble in Brazil. 
Plant Pathology 65, 1185–1191. 
Kumar S, Stecher G, Tamura K, 2016. MEGA7: Molecular Evolutionary Genetics Analysis 
Version 7.0 for Bigger Datasets. Molecular biology and evolution 33, 1870–1874. 
Kvas M, Marasas WFO, Wingfield BD, Wingfield MJ, Steenkamp ET, 2009. Diversity and 
evolution of Fusarium species in the Gibberella fujikuroi complex. Fungal Diversity 34, 
1–21. 
Laurence MH, Walsh JL, Shuttleworth LA et al., 2016. Six novel species of Fusarium from 
natural ecosystems in Australia. Fungal Diversity 77, 349–366. 
Leslie JF, Summerell BA, 2006. Fusarium Laboratory Manual. Blackwell Publishing. 
Lombard L, van der Merwe NA, Groenewald JZ, Crous PW, 2015. Generic concepts in 
Nectriaceae. Studies in Mycology 80, 189–245. 
Ma L-J, Geiser DM, Proctor RH et al., 2013. Fusarium Pathogenomics. Annual Review of 
Microbiology 67, 399–416. 
Marasas WFO, Rabie CJ, Lübben A, Nelson PE, Toussoun TA, Van Wyk PS, 1987. 
Fusarium napiforme, a new species from millet and sorghum in southern Africa. 
Mycologia 79, 910–914. 
Miller MA, Pfeiffer W, Schwartz T, 2012. The CIPRES science gateway. Proceedings of the 
1st Conference of the Extreme Science and Engineering Discovery Environment on 
Bridging from the eXtreme to the campus and beyond - XSEDE ’12, 1. 
Mohammadi A, Shams-Ghahfarokhi M, Nazarian-Firouzabadi F, Kachuei R, Gholami-
Shabani M, Razzaghi-Abyaneh M, 2016. Giberella fujikuroi species complex isolated 
from maize and wheat in Iran: Distribution, molecular identification and fumonisin B1in 
vitro biosynthesis. Journal of the Science of Food and Agriculture 96, 1333–1340. 
Morales-Rodríguez I, De Yañez-Morales MJ, Silva-Rojas H V., García-De-Los-Santos G, 
Guzmán-De-Peña DA, 2007. Biodiversity of Fusarium species in Mexico associated 
with ear rot in maize, and their identification using a phylogenetic approach. 
67 
 
Mycopathologia 163, 31–39. 
Nelson PE, Dignani MC, Anaissie EJ, 1994. Taxonomy, biology, and clinical aspects of 
Fusarium species. Clinical microbiology reviews 7, 479–504. 
Nelson PE, Plattner RD, Shackelford DD, Desjardins AE, 1992. Fumonisin B1 production by 
Fusarium species other than F. moniliforme in Section Liseola and by some related 
species. Appl Environ Microbiol 58, 984–989. 
Nirenberg HI, 1976. Untersuchungen über die morphologische und biologische 
Differenzierung in der Fusarium-Section Liseola. Mitteilungen der Biologischen 
Bundesanstalt für Land- und Forstwirtschaft. 169, 1–117. 
O’Donnell K, Cigelnik E, 1997. Two Divergent Intragenomic rDNA ITS2 Types within a 
Monophyletic Lineage of the Fungus Fusarium Are Nonorthologous. Molecular 
Phylogenetics and Evolution 7, 103–116. 
O’Donnell K, Humber RA, Geiser DM et al., 2012. Phylogenetic diversity of insecticolous 
fusaria inferred from multilocus DNA sequence data and their molecular identification 
via FUSARIUM-ID and Fusarium MLST. Mycologia 104, 427–445. 
O’Donnell K, Kistler HC, Cigelnik E, Ploetz RC, 1998. Multiple evolutionary origins of the 
fungus causing Panama disease of banana: concordant evidence from nuclear and 
mitochondrial gene genealogies. Proceedings of the National Academy of Sciences of the 
United States of America 95, 2044–2049. 
O’Donnell K, Nirenberg H, Aoki T, Cigelnik E, 2000. A multigene phylogeny of the 
Gibberella fujikuroi species complex: detection of additional phylogenetically distinct 
species. Mycoscience 41, 61–78. 
O’Donnell K, Rooney AP, Proctor RH et al., 2013. Phylogenetic analyses of RPB1 and RPB2 
support a middle Cretaceous origin for a clade comprising all agriculturally and 
medically important fusaria. Fungal Genetics and Biology 52, 20–31. 
O’Donnell K, Sutton DA, Fothergill A et al., 2008. Molecular phylogenetic diversity, 
multilocus haplotype nomenclature, and in vitro antifungal resistance within the 
Fusarium solani Species complex. Journal of Clinical Microbiology 46, 2477–2490. 
O’Donnell K, Ward TJ, Geiser DM, Kistler HC, Aoki T, 2004. Genealogical concordance 
between the mating type locus and seven other nuclear genes supports formal recognition 
of nine phylogenetically distinct species within the Fusarium graminearum clade. 
Fungal Genetics and Biology 41, 600–623. 
O’Donnell K, Ward TJ, Robert VARG, Crous PW, Geiser DM, Kang S, 2015. DNA 
sequence-based identification of Fusarium: Current status and future directions. 
68 
 
Phytoparasitica 43, 583–595. 
Owczarzy R, Tataurov A V., Wu Y et al., 2008. IDT SciTools: a suite for analysis and design 
of nucleic acid oligomers. Nucleic acids research 36, 163–169. 
Del Ponte EM, Spolti P, Ward T et al., 2015. Regional and field-specific factors affect the 
composition of Fusarium head blight pathogens in subtropical no-till wheat 
agroecosystem of Brazil. Phytopathology 105, 246–254. 
Del Ponte EM, Tessmann DJ, Spolti P, Kuhnem PR, da Silva CN, 2013. Species 
Identification, Genetic Diversity and Phenotypic Variation Studies on the Fusarium 
graminearum Complex Populations from Brazil. In: Fusarium Head Blight in Latin 
America. Dordrecht: Springer Netherlands, 15–29. 
Quaedvlieg W, Binder M, Groenewald JZ et al., 2014. Introducing the consolidated species 
concept to resolve species in the teratosphaeriaceae. Persoonia: Molecular Phylogeny 
and Evolution of Fungi 33, 1–40. 
Quarta A, Mita G, Haidukowski M, Logrieco A, Mulè G, Visconti A, 2006. Multiplex PCR 
assay for the identification of nivalenol, 3- and 15-acetyl-deoxynivalenol chemotypes in 
Fusarium. FEMS Microbiology Letters 259, 7–13. 
Raeder U, Broda P, 1985. Rapid preparation of DNA from filamentous fungi. Letters in 
Applied Microbiology 1, 17–20. 
Ronquist F, Teslenko M, Van Der Mark P et al., 2012. MrBayes 3.2: Efficient Bayesian 
Phylogenetic inference and model choice across a large model space. Systematic Biology 
61, 539–542. 
Sandoval-Denis M, Guarnaccia V, Polizzi G, Crous PW, 2018. Symptomatic Citrus trees 
reveal a new pathogenic lineage in Fusarium and two new Neocosmospora species. 
Persoonia - Molecular Phylogeny and Evolution of Fungi 40, 1–25. 
Scauflaire J, Gourgue M, Munaut F, 2011. Fusarium temperatum sp. nov. from maize, an 
emergent species closely related to Fusarium subglutinans. Mycologia 103, 586–97. 
Schindelin J, Arganda-Carreras I, Frise E et al., 2012. Fiji: An open-source platform for 
biological-image analysis. Nature Methods 9, 676–682. 
Schoeman A, Flett BC, Janse van Rensburg B, 2016. Evaluating three commonly used growth 
media for assessing fumonisin analogues FB1,FB2and FB3production by nine Fusarium 
verticillioides isolates. Food Additives and Contaminants - Part A Chemistry, Analysis, 
Control, Exposure and Risk Assessment 34, 291–298. 
Scoz LB, Astolfi P, Reartes DS, Schmale DG, Moraes MG, Del Ponte EM, 2009. 
Trichothecene mycotoxin genotypes of Fusarium graminearum sensu stricto and 
69 
 
Fusarium meridionale in wheat from southern Brazil. Plant Pathology 58, 344–351. 
Selvaraj JN, ZHOU L, WANG Y et al., 2015. Mycotoxin detection - Recent trends at global 
level. Journal of Integrative Agriculture 14, 2265–2281. 
Sukumaran J, Holder MT, 2010. DendroPy: A Python library for phylogenetic computing. 
Bioinformatics 26, 1569–1571. 
Villani A, Moretti A, De Saeger S et al., 2016. A polyphasic approach for characterization of 
a collection of cereal isolates of the Fusarium incarnatum-equiseti species complex. 
International Journal of Food Microbiology 234, 24–35. 
Vincze T, Posfai J, Roberts RJ, 2003. NEBcutter: A program to cleave DNA with restriction 
enzymes. Nucleic Acids Research 31, 3688–3691. 
Vismer HF, Snijman PW, Marasas WFO, van Schalkwyk DJ, 2004. Production of Fumonisins 
by Fusarium Verticillioides Strains on Solid and in a Defined Liquid Medium – Effects 
of L-Methionine and Inoculum. Mycopathologia 158, 99–106. 
Ward TJ, Clear RM, Rooney AP et al., 2008. An adaptive evolutionary shift in Fusarium 
head blight pathogen populations is driving the rapid spread of more toxigenic Fusarium 
graminearum in North America. Fungal Genetics and Biology 45, 473–484. 
White TJ, Bruns T, Lee S, Taylor J, 1990. AMPLIFICATION AND DIRECT SEQUENCING 
OF FUNGAL RIBOSOMAL RNA GENES FOR PHYLOGENETICS. In: PCR 
Protocols. 315–322. 
Zwickl DJ, 2006. Genetic algorithm approaches for the phylogenetic analysis of large 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 A partir de uma amostra reduzida proveniente de uma pequena área geográfica, 
diferentes espécies de Fusarium foram encontradas associadas a espigas e colmos de milhos, 
algumas delas ainda não descritas associadas a milho (F. tjaetaba, FIESC 12, FIESC 20, FIESC 
33), outras com relatos esporádicos (F. fujikuroi, F. napiforme) e inclusive uma espécie nova, 
descrita neste trabalho como F. awaxy. Tal composição de espécies sugere que a diversidade 
de Fusarium associado a milho ainda é subestimada. 
 
Para todas as espécies isoladas pertencentes ao complexo Fusarium fujikuroi foram 
obtidos isolados positivos para a presença do gene FUM1, envolvido na produção de 
fumonisinas. Para alguns destes isolados positivos foi detectada a produção em ensaio de 
ELISA, incluindo isolados obtidos de espigas, o que sugere potenciais riscos associados à 
ingestão de materiais contaminados pela presença de tais espécies.  
 
Além das espécies já descritas como patogênicas (F. graminearum, F. meridionale, F. 
verticillioides) outra espécie causou sintomas de podridão de colmo em níveis semelhantes (F. 
fujikuroi) e outras causaram sintomas menos severos (F. awaxy, F. tjaetaba), sugerindo a 
possibilidade de associação com o desenvolvimento de podridão de colmo no estado do Paraná. 
Apenas uma das espécies encontradas (F. napiforme) não foi capaz de causar sintomas no 
híbrido testado.  
 
 Como perspectivas, sugerem-se estudos mais amplos de distribuição, patogenicidade, 
agressividade, produção e detecção de toxinas. Tais estudos permitiriam caracterizar e 
compreender melhor o papel das espécies encontradas, e estabelecer o seu real impacto para a 
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